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List of Abbreviations. 
[α] specific optical activity 
AIBN 2,2′-azobis(2-methylpropionitrile) 
ATRP atom transfer radical polymerization 
tBu tert.-butyl 
conv conversion 
δ chemical shift 
d doublet 
DSC differential scanning calorimetry 
EA elemental analysis 
eff catalyst efficiency 
equiv equivalent 
Et2O diethyl ether 
EtOH ethanol 
GPC gel permeation chromatography 
HMPA hexamethylphosphoramide 
HPLC high performance liquid chromatography 
iso isotactic 
m multiplet 
M metal 
Mn number average molecular mass 
Mw weight average molecular mass 
MAO methylaluminoxane 
MALDI-TOF matrix assisted laser desorption/ionization – 
time of flight 
Me methyl 
MeOH methanol 
min minute 
NMR nuclear magnetic resonance 
p para 
PAA polyacrylic acid 
PBA polybutyl acrylate 
PBD polybutadiene 
PD polydispersity 
Ph phenyl 
PS polystyrene 
ppm parts per million 
quart quartet 
s singlet 
solv solvent 
t time 
T temperature 
Tdec decomposition temperature 
Tg glass transition temperature 
Tm melting transition temperature 
THF tetrahydrofuran 
TMS trimethylsilyl 
Tos tosylate 
wt% weight percent 
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A. General Introduction 
Chiral polymers attract interest due to their unique properties. A challenge remains in the 
synthesis of polymers that mimic properties of natural polymers in terms of catalytic activity 
or molecular recognition ability as in enzymes or proteins.[1, 2] Optically active synthetic 
polymers find applications as chiral auxiliaries, chiral reaction spaces or as chiral stationary 
phases for HPLC columns.[3] The straightforward way to synthesize these polymers is to 
polymerize optically active monomers. A more versatile but challenging method is 
asymmetric polymerization where the chiral information is introduced during the synthesis.[4] 
Okamoto et al. have classified three main categories of asymmetric polymerization depending 
on the reaction process and the structure of the obtained polymer:[4] 
In asymmetric synthesis polymerization an optically inactive prochiral monomer or a 
prochiral monomer with optically active auxiliary is polymerized to give a polymer with 
configurational main chain chirality. Polymers obtained from vinyl monomers (1-substituted 
or 1,1-disubstituted) are cryptochiral. Even iso- or syndiotactic polymers with chiral centers 
within the main chain contain a mirror plane that leads to Cs symmetry and inhibits optical 
activity. 
Helix-sense-selective polymerization leads to optically active polymers where the chirality 
is caused by a helical conformation resulting from an excess of single screw sense.  
Enantiomer-selective polymerizations are polymerizations in which one antipode of a 
racemic chiral monomer is preferentially polymerized to give an optically active polymer. 
Kinetic optical resolution of the racemic monomer is attained (in comparison stereoselective 
polymerization is a polymerization where a racemic monomer is polymerized to give a 
mixture of a polymer which preferentially consists of one antipode and that consisting of the 
opposite enantiomer). 
In the following sections important examples are given for the above mentioned categories 
of asymmetric polymerization. 
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A.1. Asymmetric Polymerization 
A.1.1. Vinyl Monomers 
As mentioned above, when polymerizing 1-substituted and 1,1-disubstituted vinyl 
monomers, cryptochiral polymers are obtained.[5] Due to the Cs-symmetry, no optical activity 
can be detected even for homochiral polymers of high purity.  
Nevertheless, optically active polymers can be obtained from vinyl monomers. Wulff et al. 
synthesized optically active homo- and copolymers of styrene by using chiral template 
groups.[6-11] By radically copolymerizing styrene with 1, chiral diads are incorporated into the 
polymer. After removing the borate residues, optically active oligo- or polystyrenes are 
formed. The chiral styrene diads are flanked by atactic sequences that decrease the degree of 
optical activity. 
 
A significant development is the titanium based catalyst system 2 introduced by Okuda et 
al.[12-14] which polymerizes styrene isospecifically. The isotactic polystyrene contains hardly 
any stereoerrors. This type of chiral postmetallocene catalyst could be resolved into both 
enantiomers (Λ,R,R)-2 and (Δ,S,S)-2.[15, 16] They polymerize styrene to give homochiral 
polystyrenes, which do not show any optical activity due to cryptochirality. Through a 
controlled reduction of the molecular weight, employing chain transfer methodologies, it was 
possible to obtain optically active styrene oligomers. Employing 1-hexene as chain transfer 
agent (CTA) led to oligomers 3 which were terminated with a stereo- and regioirregular 
oligo(1-hexene) tail (3-5 1-hexene units) and showed optical rotation values up to ±5°. 
Optically active oligomers consisting of up to 50 monomer units could be obtained. The sign 
of optical rotation corresponded to that of the employed catalyst.[15, 16] 
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After earlier findings of Natta et al. concerning the polymerization of racemic 4-methyl-1-
hexene,[17] Bailey et al. have investigated the polymerization of (S)-3-methyl-1-pentene using 
the Ziegler-Natta catalyst system Al(iBu)3 and TiCl4.[18] One partially crystalline polymer 
fraction with a specific rotation of +94.9° was obtained as well as a highly crystalline fraction 
with a specific rotation of −257°. The first polymer fraction was claimed to be atactic, while 
the second fraction was believed to be isotactic with an enantiomerically enriched 
backbone.[18] Further research was carried out by Pino et al. who investigated the asymmetric 
polymerization of propylene,[19, 20] 1-pentene[20] and 4-methyl-1-pentene[20] in terms of 
stereoregularity.[21] Employing optically active zirconocene catalysts 4 or 5, they could show 
that the stereoinformation in the polymer chain is caused by the asymmetric addition of the 
monomer to the growing polymer chain. 
 
The distance between the asymmetric center of the 1-olefin with respect to the polymer 
backbone is significant. If the chiral center is more than one carbon atom away from the 
polymer main chain, the product shows lower optical activity.[22-24] Syndiotactic poly-(S)-4-
methyl-1-hexene was prepared by metallocene catalysts.[25, 26] The optical purity of the side 
chains, the position of the asymmetric carbon atom as well as the stereoregularity (iso, syn) of 
the polymer determine the polymer structure and the optical activity. 
Chiral template-mediated asymmetric polymerizations have been employed in the synthesis 
of optically active polymethacrylates (PMA). Kakuchi et al. polymerized divinyl monomers 
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containing asymmetric moieties in a radical fashion.[27-30] The asymmetric residue was 
separated from the polymer by hydrolysis leaving an optically active PMA. An optically 
active PMA was also obtained from methacrylic acid in the presence of an optically active 
matrix.[31, 32] 
A.1.2. Dienes 
In the 1960s Natta, Farina et al. have published the first asymmetric polymerization of 
dienes such as sorbate 6, 2-styrylacrylate 7 and 1-methyl-1,3-butadiene-1-carboxylate 8 using 
the anionic polymerization initiators ((+)-2-methylbutyl)lithium and butyllithium/(−)-
menthylethyl ether.[33-35] All polymers show optical activity due to main chain chirality, as 
shown by ozonolysis of the polymers to give optically active diacids.[36] 
 
1,3-Pentadienes are polymerized by Ziegler-Natta catalysts; the asymmetric induction was 
examined by Zambelli et al..[37] In addition to the above mentioned anionic or catalytic 
polymerizations, Farina et al. have demonstrated that dienes can also be asymmetrically 
polymerized in a solid and chiral matrix.[38] The matrix consists of crystals with chiral 
channels that can incorporate the monomer. Upon irradiation, polymerization occurs within 
the chiral spatial environment. The resulting polymer shows a high degree of optical purity. 
Polymerization of an allene such as (R)-2,3-pentadiene, catalyzed by π-allylnickel iodide, 
gives an optically active polymer with a unique structure 9.[39] 
 
A.1.3. Cyclic Olefins 
One of the first cyclic olefins to be polymerized was benzofuran. Natta et al. employed 
AlCl3 or AlEtCl2 as catalyst, β-phenylalanine or 10-camphorsulfonic acid as optically active 
cocatalyst and obtained the optically active polymer 10.[36, 40-42] Various cyclic olefins with 
chiral side groups,[43-48] additives,[49] catalysts[50] or solvents[51] have so far been polymerized. 
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Cyclic monomers with the cis-substituents 11 give optically active polymers by ring 
opening polymerization with chiral initiators.[52] Inversion of one of the chiral centers during 
ring opening retains the configuration of the monomeric chiral units. 
 
The trans isomer leads to an achiral configuration. 
A.1.4. Cyclopolymerization 
1991 Waymouth et al. reported the polymerization of 1,5-pentadiene by a chiral 
zirconocene catalyst 5 leading to an optically active cyclopolymer with a predominant trans 
structure 12.[53] Compared to the catalyst with an optical rotation value of +1848°, the 
polymer showed a molecular rotation value of −49.3°.  
 
A different approach has been made by Addadi et al. who performed the 
cyclopolymerization in the solid state.[54-56] By adding a chiral auxiliary to racemic 13, one 
enantiomer crystallized preferentially. Photoirradiation of the crystals started the 
cyclopolymerization to an optically active polymer. 
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A.2. Helix-Sense-Selective Polymerization 
A.2.1. Triphenylmethacrylates and Derivatives 
The vinylic monomer triphenylmethacrylate (TrMA) gives an optically active polymer by 
anionic or radical polymerization. The first chiral polymer was obtained in 1979 by Okamoto 
et al. when they polymerized TrMA anionically at low temperatures with nBuLi in the 
presence of (− )-sparteine, 14.[57] The value of optical rotation increased with a prolonged 
reaction time (along with an increased degree of polymerization) and the value of optical 
rotation did not change even at temperatures as high as room temperature.[4] This was ascribed 
to a helical secondary structure that is stable in solution at room temperature. Cleaving the 
triphenylmethane group destroys the secondary structure and no optical activity remains. 
 
Radical polymerization leads to an mm triad content up to ca. 60%.[58] As expected for anionic 
polymerization, the isotacticity is significantly higher with mm triads of more than 95%.[59] 
The high degree of isotacticity in anionic polymerization is ascribed to the presence of a chiral 
ligand or the chiral initiator added. Okamoto et al. explained the mechanism of chiral 
induction as follows:[60] The chiral ligand coordinates to the active chain end and thereby 
determines how the new incoming monomer will be incorporated (15). Employing a chiral 
initiator affects the first monomer insertion and thereby controls the following additions (16). 
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Until now, many derivatives containing pyridyl residues or halogen substituents of TrMA 
have been synthesized (examples are 17-23).[61-64] 
 
The pyridyl substitiuted TrMAs 17-19 were synthesized because they are more resistant to 
methanolysis than TrMA itself, what is an important requirement if the products are applied 
as HPLC column packing materials.[60] The pyridyl substituted products are more resistant, 
but the optical activities are not as high as for the triphenyl substituted systems. This is due to 
a less stabilized helix and therefore involved helix-helix transitions. 
Polymethacrylates were also synthesized with chiral substituents (examples are 24-27).[65-71] 
 
A.2.2. Acrylamides 
Optically active polyacrylamides can be obtained by anionic polymerization with nBuLi and 
(−)-spartein as chiral ligand. As for methylacrylates, bulky substituents are needed to obtain a 
stable helix and the value of optical rotation increased with the molecular weight. A range of 
acrylamides with various substitution patterns have been synthesized (28-32).[72-74] 
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A.2.3. Aldehydes 
Polychloral is the most commonly used optically active polyaldehyde. An isotactic polymer 
with a high value for optical rotation of +4000° is obtained by anionic polymerization of 
trichloroacetaldehyde.[75-77] The optical activity is caused by a helical conformation in the 
solid state, as shown by NMR and X-ray spectroscopy on related low molecular weight 
compounds; high molecular weight polymers would not be suited for these techniques due to 
their insolubility. 
 
Anionic lithium salts of optically active alcoholates or of carboxylic acids are employed as 
initiators. The corresponding trifluoro- and tribromoacetaldehydes also gave polymers with a 
helical structure.[78, 79] 
Apart from polychloral, only few aldehydes give polymers with helical structure. Poly(3-
phenylpropanal) shows optical rotation values of up to − 56°.[80] It is anionically polymerized 
using a Grignard reagent as initiator. The optical activity is claimed to result from the helical 
structure. 
A.2.4. Isocyanides 
Bulky isocyanides can be polymerized using nickel(II) salts to give optically active, helical 
polymers if the reaction is carried out in the presence of chiral amines.[60] The polymers have 
a unique structure for as much every carbon atom of the polymer backbone carries a 
substituent. The polymerization takes place within the square-planar coordination sphere of 
the nickel(II) salt. The attack of a chiral amine on one of the four coordinated isocyanide 
ligands initiates the polymerization by attacking the neighboring isocyanide. This structure 
predetermines the final helical structure.[81] 
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Drenth et al. have investigated the copolymerization of optically active isocyanides with 
achiral isocyanides with respect to helix formation.[82, 83] Diisocyanides react by a mechanism 
of cyclopolymerization to optically active polymers if Pd[84] and Ni[85] complexes are used as 
catalysts. 
A.2.5. Isocyanates 
Shashoua et al. were the first to isolate a helical poly(isocyanate).[86] Poly(isocyanates) 
possess a dynamic helical structure where the helices can interchange. In general the 
polymerization is anionically initiated by organolithium or NaCN. If the polymerization of an 
achiral isocyanate is initiated by an achiral initiator, the resulting polymer does not show any 
optical activity. This is due to equal formation of right-handed and left-handed helices. 
Optical activity can be introduced by several methods. Chiral and optically active initiators 
may be used, as well as a chiral isocyanate 36-38. A chiral solvent as chiral reaction space 
may also be employed.[60]  
 
The chiral isocyanate 38 shows the dramatic effect of a chiral isocyanate.[87, 88] This 
monomer exhibits optical activities lower than +1°, but when anionically polymerized with 
NaCN, the polymer exhibits optical activities of −367°. Optically active polymers of achiral 
monomers have been synthesized by initiation with chiral lithium alkoxides and lithium 
amides. 
The helix sense in poly(isocyanates) can also be controlled by photoinduced isomerization 
of side chain chromophores, that induce a change in the helix population of the main chain.[89, 
90] 
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A.2.6. Acetylenes 
Optically active polyacetylenes can be obtained by several methods.[91, 92] The ring-opening 
polymerization of cyclooctatetraene derivatives gives optically active polymers with a twisted 
main chain configuration, 39.[93] Polymerization of phenylacetylenes, substituted with chiral 
side groups 40,[94] leads to optically active polymers which are known to resolve racemic 
compounds such a Tröger’s base when coated on silica gel.[95] Different optically active 
substituted polyacetylenes are known. A bulky substituent is required to stabilize the helix 
formation. 
 
Since unsubstituted polyacetylenes are insoluble in all common organic solvents and 
therefore difficult to process, they did not receive much interest. The chemical analysis 
remains challenging. Chiral polyacetylenes could be obtained in a chiral liquid crystalline 
phase and were characterized by SEM.[96] 
A.2.7. Aryleneethynylene and Arylenes 
Poly(p-phenyleneetynylene) 42 has been synthesized by alkyne methathesis of the 
corresponding monomer with two acetylene moieties.[97] Depending on the solvent it shows 
either a characteristic CD spectrum, attributed to a helix formation, or does not give any CD 
signal. This solvent dependent helix formation behavior is usually found for 
poly(aryleneethylene)s. 
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An example for chiral polyarylenes is the oligomer oligo(pyridine-alt-pyrimidine) (41). It 
forms a stable helix in solution and has been investigated with respect to its helix reversal 
mechanism.[98] Until now, several chiral polyarylenes have been synthesized, including those 
with chiral moieties such as chiral binaphtyl groups in the main chain or polythiophenes 
containing chiral side groups.[60] 
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A.3. Enantiomer Selective Polymerization 
A.3.1. α-Olefins and Vinyl Ethers 
Apart from the above mentioned asymmetric synthesis polymerization, Pino et al. have 
employed racemic α-olefins in enantiomer- and stereo-selective polymerization.[36] With an 
isospecific Ziegler-Natta catalyst system, 3-methyl-1-pentene (43) gave a mixture of polymers 
containing an excess of one enantiomer. This was shown by comparing the crystal structure of 
purely (R)-configured poly-44 with the structures of the mixed (R,S)-configured poly-44. The 
structure of the (R,S)-configured polymer was identical to the pure (R)-configured one, 
confirming an enantiomer selective polymerization.[99-102] 
 
The polymerization of 45 with the asymmetric center in γ-position to the double bond is not 
enantiomer selective.[103]  
Enantiomer selective polymerization of vinyl ethers was investigated by Chiellini et al. in 
1970.[104] In 1977, Hirokawa et al. have polymerized 1-methylpropyl propenyl ethers with 
optically active initiators.[105] 
A.3.2. Methacrylates 
Compared to α-olefins, methacrylates show enantiomer selective polymerization even if the 
asymmetric center is located more than four positions away from the double bond. Okamoto 
et al. found that the polymerization of racemic 46 with a chiral Grignard reagent/(−)-sparteine 
initiator system gave a polymer where the (S)-enantiomer is preferentially incorporated over 
the (R)-enantiomer with an ee in the final polymer of 93%. The remaining (R)-enantiomer in 
solution showed an optical purity of 90%.[106] 
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Until now, several methacrylates could be enantiomer selectively polymerized.[4] 
A.3.3. Propylene Oxide, Propylene Sulfide, Lactones 
Propylene oxide and sulfide can be polymerized by ring opening polymerization with chiral 
initiators. When racemic propylene oxide is polymerized in the presence of a ZnEt2/(+)-
borneol initiator system, preferentially the (R)-isomer is incorporated, leaving an enriched (S)-
enantiomer in solution.[107, 108] The preferred incorporation of one enantiomer leads to optical 
activity of the polymer. 
The enantiomer selective polymerization of lactones has been investigated in great detail. Of 
special interest is the polymerization of β-butyrolactone, because the optically active polymer 
47 is an important material due to its biodegradability.[109, 110] 
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A.4. Scope of this Thesis 
The main objective of this thesis is the investigation of main chain chirality in isotactic 
polystyrene (iPS). 
 
The first section focusses on the development of a homochiral titanium catalyst system with 
an optimum degree of stereoselectivity. For comparison in terms of activity and 
stereoselectivity, the corresponding zirconium and hafnium complexes will be prepared. 
 
The following approaches are to be tested in the preparation of isotactic polystyrene using 
chiral induction: 
- polymerization of styrenes that contain chiral substituents  
- synthesis of oligomers by chain transfer using diethylzinc 
- polymerization of styrenes that contains bulky substituents 
- end functionalization of polystyrene with chiral groups. 
 
The application of homochiral polystyrene as chiral auxiliary in asymmetric autocatalysis will 
be explored. 
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B. Results and Discussion 
B.1. New Group IV Metal Polymerization Catalysts†
Abstract: 
 
In this chapter the synthesis of enantiomerically pure group IV metal polymerization 
catalysts with an (OSSO)-type ligand is reported. All complexes are obtained by addition of 
an enantiomerically resolved bis(phenol) to the tetrabenzyl metal complex. 
 
 
 
Upon activation with a Lewis acid the resulting group IV dibenzyl metal complexes 
polymerize styrene with high activity. The zirconium and hafnium complexes allow living 
polymerization, expressed by very narrow polydispersities (PD < 1.10) of the polymers. The 
living behavior of the zirconium complex was additionally underlined by the synthesis of 
styrene-butadiene block copolymers. 
                                                 
†Published parts of this chapter: C. Hohberger, J. Okuda J. Am. Chem. Soc., 2010, in preparation.  
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B.1.1. Introduction 
In 1953 Karl Ziegler discovered a group IV metal-based heterogeneous catalyst for ethylene 
polymerization. One year later this catalyst type was successfully employed by Giulio Natta 
in propylene polymerization and is now referred to as Ziegler-Natta catalyst.[1-4] This 
heterogeneous catalyst system allowed the stereoselective polymerization of propylene for the 
first time. About 30 years later, Brintzinger et al. developed a homogeneous catalyst with 
comparable selectivity. The introduction of these so-called Brintzinger-type C2-symmetrical 
zirconocenes, activated by the cocatalyst methylaluminoxane (MAO), led to the first 
symmetry-relationship for the stereoselective polymerization of α-olefins.[5]  
An example for a single-site organometallic catalyst for homogeneous polymerization of 
styrene is the C1-bridged Brintzinger-type zirconocene catalyst by Arai et al.[6, 7] and the 
single component bridged bis(indenyl) allyl yttrium and neodymium catalyst by Carpentier et 
al..[8] The post-metallocene group IV metal catalysts with an (OSSO)-type ligand that were 
introduced in 2003 by Okuda et al. give polystyrene with a high degree of stereo- and 
regiocontrol.[9-14] The specificity of the catalyst depends on a rigid ligand structure with a 
secondary insertion mode. Combining the stereoselectivity of the catalysts with (OSSO)-type 
ligands with enantioselectivity by asymmetric centers within the ligand framework gives a 
catalytic system that can produce homochiral isotactic polystyrenes.[15, 16] Syndiotactic 
polystyrene (sPS) can be synthesized in a homogeneous fashion with the catalyst introduced 
by Ishihara et al.[17-19] 
This chapter describes the synthesis of group IV metal (OSSO)-type polymerization 
catalysts and their polymerization behavior towards olefins. A new chiral ligand system with 
bulky cumyl substituents is introduced. This rigid system is expected to improve the 
stereoselectivity during polymerization. Titanium, zirconium, and hafnium complexes were 
synthesized. The dialkyl metal complexes are used in polymerization catalysis because this 
spares the use of MAO, whose exact chemical composition has not been identified until now. 
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B.1.2. Results and Discussion 
B.1.2.1. Synthesis of an Optically Active (OSSO)-Type Bis(phenol) 
The objective of this chapter is the synthesis of a homochiral group IV metal catalyst that 
polymerizes styrene with high stereoselectivity. A catalyst system with a rigid framework, 
bulky cumyl substituents in ortho-position of the phenolate groups, an asymmetric center, and 
a cyclohexanediyl-bridge between both phenolates is developed. The synthesis of this 
dicumyl substituted (OSSO)-type bis(phenol) follows the pathway in Scheme 1. Various 
(OSSO)-type bis(phenol)s have been synthesized by this standard procedure by Okuda et 
al..[13] 
 
Scheme 1. Synthesis of the racemic bis(phenol) 2. 
During the course of this work, Doye et al. have presented an alternative route to this 
bis(phenol) (Scheme 2) that leads to an increased yield.[20] The racemic titanium complex was 
used in hydroamination catalysis. 
 
Scheme 2. Synthesis of the racemic ligand 2 according to Doye et al..[20] 
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In this work, racemic 2 is resolved by reaction with a suitable chiral ancillary (Scheme 3). 
Adding (1S)-camphorsulfonyl chloride to the lithiated bis(phenolate)s gives diastereomers 
with (S,S,S,S)- and (R,R,S,S)- configuration. The disubstituted bis(phenol)s are separated from 
traces of monosubstituted compounds by column chromatography. The diastereomers could 
not be resolved by fractional crystallization, due to a persistent cocrystallization of a small 
amount of the wrong diastereomer. Separation was achieved by preparative HPLC column 
chromatography employing a Kromasil Si 100 column and cyclohexane/ethyl acetate (9:1) as 
eluent. Both pure enantiomers were obtained by cleaving the camphorsulfonate residues from 
the diastereomers (Scheme 3) by refluxing over sodium hydroxide for 12 h.  
 
Scheme 3. Chiral resolution of rac-2. 
The absolute configuration of the enantiopure bis(phenol)s 2a and 2b was determined by 
single-crystal X-ray crystallography. The molecular structure of (+)-(S,S)-2a in the crystal is 
shown in Figure 1. 
 
Figure 1. (+)-(S,S)-2a with anisotropic displacement parameters drawn at the 50% 
probability level. Hydrogen atoms are omitted for clarity. 
Both bis(phenols) were characterized by measuring optical rotation and circular dichroism. 
The enantiomers are expected to give CD spectra with are directly opposite to each other. 
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Figure 2 shows the CD spectra of 2a and 2b. The red line represents (+)-(S,S)-2a, whereas the 
black line is due to (−)-(R,R)-2b. Both are highly homologous to each other. 
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Figure 2. Circular dichroism spectra of (+)-(S,S)-2a (red line) and (−)-(R,R)-2b (black 
line). 
Polarimetric measurements reveal optical rotation for 2a of [α]D23 = +50° and for 2b of 
[α]D
23 = –52°. 
B.1.2.2. Chiral Bis(phenolate) Titanium(IV) Dichloro Complexes 
Reaction of titanium tetrachloride with the resolved bis(phenol)s 2a and 2b in toluene at 
room temperature gives the corresponding optically active complexes 3a and 3b in high yield 
(Scheme 4). The (S)-configured complex 3a shows [α]D23 = +24°, whereas the (R)-configured 
complex 3b shows an optical rotation of [α]D23 = −24°. 
 
Scheme 4. Synthesis of the chiral titanium(IV) dichloro complexes (3a, 3b). 
3a and 3b were characterized by circular dichroism methodology (Figure 3). The curves for 
the (S,S) and (R,R) configured complexes are complementary. 
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Figure 3. Circular dichroism spectra of the optically active titanium(IV) dichloro 
complexes. Red: (+)-(Δ,S,S)-3a; black: (−)-(Λ,R,R)-3b. 
The absolute configuration of the complexes was determined by single crystal X-ray 
crystallography. Suitable crystals of 3a were obtained by slow evaporation of a toluene 
solution at room temperature (Figure 5). The complexes exhibit cis-α configuration, with both 
sulfur atoms and chloro ligands in the axial position of the octahedral complex (Figure 4). 
 
Figure 4.  Possible conformations of 3a and3b.[21, 22] 
All bond parameters are unexceptional for this kind of octahedral complexes of tetravalent 
titanium, as has been recently reported by Okuda et al.[10] The O1-Ti-O2 plane shows an 
average angle of 154.00(5)°. The analogous titanium complex with an ethylene bridge instead 
of a cyclohexanediyl bridge between the two phenolates, shows a slightly larger angle for the 
O1-Ti-O2 plane of 155.46(6)°. The titanium-sulfur bond distance of 3a with an average 
length of 2.625(0) Å is in the same range as in the ethylene bridged homologue (2.61 Å). 
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Figure 5.  (+)-(Δ,S,S)-3a with anisotropic displacement parameters drawn at the 50% 
probability level. Hydrogen atoms are omitted for clarity. 
 
B.1.2.3. Bis(phenolate) Group IV Metal Dibenzyl Complexes 
The dibenzyl complexes with an (OSSO)-type ligand were synthesized by slow addition of 
2 in toluene to a solution of M(CH2Ph)4 (Scheme 5, M = Ti, 4; Zr, 6; Hf, 8) in toluene at −60 
°C. After stirring for 2 h at room temperature, the complexes were isolated by evaporating the 
solvent and crystallizing from pentane. The color depends on the metal center (4: red; 6: 
yellow; 8: colorless). 
 
Scheme 5. Synthesis of group IV metal complexes with an (OSSO)-type ligand. 
The 1H NMR spectra in Figure 6 display the aliphatic section of the complexes. The 
cyclohexanediyl-bridge shows broad multiplets b-f. 
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Figure 6. Aliphatic region in the 1H NMR spectra of the complexes 4, 6, and 8 in C6D6 at 
25 °C. #: residual toluene, *: residual pentane. 
The coupling constants for the benzylic protons of the titanium and the zirconium complex 
have values below 10 Hz (Table 1). This is commonly considered as characteristic for a η2-
coordinated benzyl ligand in which the ipso carbon of the phenyl ring is interacting with the 
metal center.[9, 23] Therefore a partial η2-coordination can be assumed for the benzyl ligands in 
the titanium and zirconium complexes. Values above 10 Hz indicate an η1-coordination of the 
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benzyl ligand. For the hafnium complex the coupling constants are considerably higher than 
10 Hz and an η1-coordination for both benzyl groups is assumed (Table 1). 
 
Table 1. Chemical shifts of benzylic protons and their coupling constants. 
MCH2Ph δ1 (ppm) 2JHH δ2 (ppm) 2JHH 
TiCH2Ph 2.21 8.29 Hz 2.57 8.28 Hz 
ZrCH2Ph 1.12 8.53 Hz 1.87 8.79 Hz 
HfCH2Ph 1.48 10.29 Hz 1.95 10.55 Hz 
 
 
The low field region of the 1H NMR spectrum of the dibenzyl titanium complex 4 is shown 
in Figure 7. The complex signal pattern in the aromatic region of the spectrum prevents a 
detailed assignment of the signals. However, the aromatic signals for the protons of the 
phenolates, a and b, and the o- and p- proton signals for the benzene moieties, c and d, could 
be clearly assigned. 
 
Figure 7. Aromatic region of the 1H NMR spectrum of the dibenzyl titanium complex 4 
(25 °C, CDCl3). 
The chiral complexes are prepared by the same method as the racemic complexes, using 
enantiomerically pure bis(phenol)s (Scheme 6). 
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Scheme 6. Synthesis of the chiral dibenzyl complexes 4a and 4b. 
Compared to the corresponding dichloro titanium complexes 3a and 3b with optical rotation 
values of [α]D23 ±24°, the dibenzyl titanium complex 4a shows optical rotation values of 
[α]D23 = +130° and 4b shows optical rotation values of [α]D23 = −108°. 
The absolute configuration of the zirconium benzyl complex 6a was determined by single 
crystal X-ray crystallography. Suitable crystals were obtained by slow evaporation of a 
toluene solution at room temperature. The complex exhibits cis-α configuration with both 
sulfur atoms and benzyl ligands in the axial position of the octahedral complex (Figure 8). 
 
Figure 8. Complex (Λ,R,R)-6a with anisotropic displacement parameters drawn at the 
50% probability level. Hydrogen atoms are omitted for clarity. 
The crystal structure shows the cis benzyl moieties and the (OSSO)-type ligand in a 
distorted octahedral environment. The O1-Zr-O2 plane shows an average angle of 149°. The 
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benzyl groups coordinate in two different fashions (η1 and η2) to the metal center. This is 
clearly reflected in the large difference between the Zr-Cα-Cipso bond angles of 117.6° for the 
η1-coordinated benzyl group and of 82.5° for the η2-coordinated group. Accordingly, the Zr-
Cipso bond length in the η2-coordinated ligand is rather short with only 2.547(1) Å (For 
comparison: Zr-C56: 3.288(2) Å, Zr-C62: 2.297(1) Å and Zr-C55: 2.313(2) Å). 
 
The goal was to use the dibenzyl complexes 4, 6, and 8 as catalysts in the polymerization of 
styrene in order to obtain a high degree of stereoselectivity. To establish the stereocontrolling 
features of the complex geometry, the active species during polymerization is of special 
interest. Focus was on the titanium catalyst 4, to compare with results using related titanium 
catalysts.[9, 15] The active species is generated by cleavage of a benzyl moiety leading to a 
cationic metal center with a free coordination site. The polymerization starts with the 
coordination of a styrene monomer, which then inserts into the remaining metal-benzyl bond 
in a secondary manner, generating a 1,3-diphenylpropyl species. The cationic metal center can 
stabilize itself by several possibilities. Comparable titanium complexes suggest that the 
stabilization may occur as depicted in Scheme 7.[9, 15, 24] 
 
Scheme 7. Generation of 5a from the dibenzyl complex 4a. 
Variable-temperature 1H NMR spectra of 5a are shown in Figure 9. The activation of the 
catalyst is observed with a new signal corresponding to the benzylic protons c bonded to the 
borate. The integral of the signal from the benzylic protons at the titanium center (b) only 
shows half the intensity. At lower temperatures down to −30 °C, the signals appear sharper 
and the aromatic signals appear more clearly. 
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Figure 9. Variable-temperature 1H NMR spectra of the cationic benzyl complex 5a in 
C6D5Br. 
It was not possible to grow crystals from 5a and to establish the structure. Several attempts 
using different techniques and solvents were made, but all led to oily products. 
B.1.2.4. Polymerizations with the Dibenzyl Complexes 
Figure 10 gives an overview of the dibenzyl complexes which are tested as olefin 
polymerization catalysts in this work. Complexes 10-14 were described previously, whereas 
4, 6, 7, 8, and 9 were prepared in this work. 
 
Figure 10. Overview of group IV metal dibenzyl complexes with (OSSO)-type ligands.[9, 
13] 
 
Polymerization of 1-hexene. Oligo(α-olefin)s are important bases for synthetic oils in 
petrochemical industry. They find application in automotive motors, as plasticizers in rubbers 
or as starting materials for the preparation of emulsifiers etc.[25] Compared to traditional 
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radical or cationic processes, catalytic polymerization allows to control the selectivity and 
activity. Okuda et al. recently published the oligomerization of 1-hexene with group IV metal 
based catalysts with (OSSO)-type ligands.[26] The relation between primary and secondary 
insertion showed to be highly dependent on the metal center (Figure 11) and can be detected 
through the characteristic end groups. The titanium based catalysts give oligomers with 
vinylene end groups by secondary insertion, while the zirconium and hafnium based catalysts 
lead to vinylidene terminated oligomers indicating primary insertion. 
 
Figure 11. Formation of end groups in 1-hexene oligomerization depending on primary or 
secondary insertion during polymerization. 
The catalysts were compared in their regioselectivity with that of those recently published 
for 12-14. The results are summarized in Table 2. Runs 1-3 were performed with 11 µmol of 
catalyst in 1-hexene (1 mL) at room temperature. The corresponding amount of B(C6F5)3 (1 
eq.) was also dissolved in 1-hexene and added to the catalyst solution. During addition, the 
reaction solutions turned immediately turbid, indicating that the active cationic catalyst 
species is insoluble in 1-hexene. Upon addition of 1 mL of toluene, the solution became clear 
again. The reaction mixtures were quenched after 5 h by adding 1 mL of isopropanol. After 
evaporating the solvent, the polymer was dissolved in hexane, filtered through silica to 
remove impurities such as catalyst residues, and dried in vacuo overnight.  
Table 2. Oligomerization of 1-hexene. 
Run Precatalyst Yield (%) Mn (g/mol) Mw/Mn 
[Vinylene] / 
[Vinylidene] 
1 4 12 491 1.31 n.d. 
2 6 10 276 1.54 n.d. 
3 8 12 166 1.00 n.d. 
4[26] 10 84 352 1.33 93 / 7 
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5 7 8 166 1.00 n.d. 
6 9 11 364 1.17 1 / 99 
Reaction conditons: T = 25 °C, t = 5 h, reaction in neat 1-hexene, 11 µmol catalyst activated by 11 µmol 
B(C6F5)3, 5 g 1-hexene. 
In agreement with recent results for 12-14,[26] the zirconium and hafnium complexes 6, 7, 8 
and 9 show very low activity towards 1-hexene polymerization. Only oligomers in low yield 
can be obtained. 
 
Polymerization of styrene. The dibenzyl complexes of titanium, zirconium and hafnium, 4, 
6, and 8 were tested in their polymerization behavior towards styrene. Table 3 summarizes the 
results for comparison with previous findings for the (OSSO)-type dibenzyl complexes 11 and 
12[9, 27] and the tert-butyl-substituted dibenzyl complexes 7 and 9. All titanium complexes 
(entries 1-5) show typical molecular weight distributions (Mw/Mn = 1.19 - 1.89) for catalytic 
polymerizations. The activity of complex 4 is considerably higher than the other titanium 
complexes and led to polymers of high molecular weight. 
Table 3. Styrene polymerization with various catalysts (Figure 10). 
 Run Cat. t (h) % Conv. Eff.4 Activity5 Mn (g/mol) Mw/Mn 
[Ti] 
11 4 15 min. 49 13 203 192,340 1.89 
21 4 0.5 87 18 181 241,020 1.70 
31 4 2 > 99 16 52 313,190 1.82 
4 12 - - - 9 45,000 1.80 
5 11 2 72 57 - 72,500 1.19 
[Zr] 
61 6 15 min. 94 69 417 72,550 1.02 
71 6 2 > 99 59 52 84,430 1.02 
82 6 2 min. > 99 69 3158 144,790 1.04 
92,3 6 2 min. > 99 85 3158 116,910 1.26 
10 13 - - - 22 163,000 1.90 
[Hf] 
111 8 15 min. 93 88 417 56,840 1.08 
121 8 2 > 99 82 52 60,930 1.08 
13 14 2 14 - 9 40,000 1.90 
1 [styrene] / [cat] = 480, [AlnOct3] / [cat] = 2, [PhNMe2H][B(C6F5)4] / [cat] = 0.9, T = 25 °C; 2 [styrene] / [cat] 
= 960, [AlnOct3] / [cat] = 2, [PhNMe2H][B(C6F5)4] / [cat] = 0.9, T = 25 °C; 3 without AlnOct3; 4 Efficiency: 
Percentage of active initiators. Observed number of polymer chains relative to the theoretical ones, assuming that 
each titanium complex initiates one polymer chain; 5 Activity: [gpolymer] / [mmolcat][styrol (mol/L)][28]. 
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The cumyl substituted dibenzyl zirconium and hafnium complexes 6 and 8 give very narrow 
molecular weight distributed polystyrenes compared to complexes 13 and 14. These narrow 
distributions are characteristic for living polymerization. Strictly speaking, however, living 
polymerizations can only be achieved anionically, where no chain termination reactions 
occur. Here one should speak of a living catalytic polymerization or a quasi living 
polymerization. Figure 12 depicts the 13C NMR spectrum of iPS obtained with 6. The signals 
for the terminal carbon atoms can be observed at δ = 33.31 and 37.11 ppm. 
 
Figure 12.  13C NMR spectra (CDCl3, 25 °C) of polystyrene polymerized by the zirconium 
catalyst 6 (Table 3, Run 7), * signal of residual toluene.[29] 
The zirconium catalyst leads to polystyrene with a very narrow molecular weight 
distribution. To underline a living mechanism, the reaction conditions were optimized to 
exclude disturbing external effects. The catalyst is activated by adding N,N-dimethylanilinium 
borate, leading to a cationic monobenzyl complex, N,N-dimethylaniline, toluene, and the 
anionic borate that serves as the counterion. The N,N-dimethylaniline can coordinate to the 
cationic center through its lone ion pair and may thereby enhance chain termination reactions. 
Tri-n-octyl aluminum can mask N,N-dimethylaniline and suppress unwanted side reactions. 
Since it was not known which amount tri-n-octyl aluminum was necessary to suppress chain 
termination reactions, different amounts were tested. In all reactions, exactly one equivalent 
borate is added to the zirconium catalyst. 
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Table 4. Styrene polymerization by 6 activated with [PhNMe2H][B(C6F5)4] and 
Al(nOct)3. 
Run [Al] / [Cat.] tp (min) Yield (%) Eff. (%) Mn (g/mol) Mw/Mn 
1 0 5 > 99 56 193,990 1.10 
2 1 5 > 99 63 172,590 1.06 
3 2 5 > 99 56 193,420 1.07 
4 5 5 > 99 53 183,080 1.14 
5 10 5 > 99 53 201,840 1.20 
 
Table 4 gives the amounts of Al(nOct)3 that were added to form the catalyst system. 1 to 2 
equivalents of aluminum seem necessary for low polydispersity. Without additional Al(nOct)3, 
the dimethylaniline probably coordinates to the catalytic center and evokes chain termination 
reactions, while the addition of more than 2 equivalents causes chain transfer reactions from 
the polymer chain to the aluminum center. Apart from the amount of Al(nOct)3, the total 
concentration of styrene is also important. At elevated concentrations, the reaction mixture 
becomes viscous and prevents uniform mixing leading to chain termination reactions and high 
polydispersities. 
Table 5. Styrene polymerization by 6 activated with [PhNMe2H][B(C6F5)4] and 
Al(nOct)3 with varying styrene concentrations at 25 °C. 
Run cstyrene (M) tp (min) Yield (%) Eff. (%) Mn (g/mol) Mw/Mn 
1 0.245 20 > 99 79 64,980 1.02 
2 0.345 20 > 99 53 136,380 1.04 
3 0.556 20 > 99 61 191,230 1.06 
4 0.925 20 > 99 47 405,130 1.13 
5 2.427 20 > 99 75 670,490 1.49 
 
Table 5 shows that a styrene concentration higher than 0.56 mol/L, leads to broad molecular 
weight distributions. The results further suggest the styrene concentration should be as low as 
possible, but this is only partly possible. A very low monomer concentration means at the 
same time a proportionately low catalyst concentration and a high concentration of solvent. 
But the amount of impurities usually increases with the solvents volume, leading to more 
chain termination reactions and catalyst decomposition. These reaction parameters prove the 
living polymerization behavior. Since the reaction is very fast, a kinetic analysis or an 
analysis of the molecular weight versus conversion could not be performed with standard 
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laboratory equipment. The living nature is shown by experiments with a varied ratio between 
styrene and catalyst and comparison of the resulting molecular weights. 
Table 6. Living behavior of 6 in styrene polymerization at 25 °C. 
Run [Styrene] / [Cat.] 
cstyrene  
(M) 
Yield  
(%) 
Eff.a 
Mn 
(g/mol) 
Mw/Mn 
1 200 0.048 > 99 54 36,830 1.06 
2 491 0.245 > 99 79 64,980 1.02 
3 720 0.345 > 99 53 136,380 1.04 
4 1000 0.556 > 99 61 191,230 1.06 
5 1000 0.556 > 99 56 193,420 1.07 
6 1370 0.686 > 99 50 287,540 1.09 
7 2000 0.925 > 99 47 405,130 1.13 
aEfficiency: Percentage of active initiators. Observed number of polymer chains relative to the theoretical 
ones, assuming that each titanium complex initiates one polymer chain. 
All polymers have a very narrow molecular weight distribution (Table 6) and the molecular 
weight increases in a linear fashion with increasing styrene/catalyst ratio (Figure 13). 
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Figure 13. Polymerization of styrene by zirconium catalyst 6. Increase of the ratio of 
styrene to catalyst leads to a higher number average molecular weight. 
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1,3-Butadiene polymerization. Styrene-butadiene copolymers are of industrial interest and 
find application as packaging material in food industry. Here it is investigated if isotactic 
polystyrene-butadiene block copolymers can be obtained with catalyst 6. First of all, the 
homopolymerization of butadiene by 6 is tested. Table 7 shows the results. No polymer was 
obtained at temperatures below 25 °C. At room temperature, the polymerization is very slow 
so that chain transfer / termination reactions occur and polydispersities of up to 1.19 are 
observed.  
Table 7. Homopolymerization of butadiene. 
Runa 
 
T 
(°C) 
t 
(h) 
[BD] / 
[Cat.] 
% 
Conv. 
% 
Eff. 
% cis- 
1,4 
% trans- 
1,4 
% vinyl- 
1,2 
Mn 
(g/mol) 
Mw/ 
Mn 
1 −25 15  0 / /  / / / 
2 0 6  0 / /  / / / 
3b +25 3 163 <10 n.d. 18 66 16 7160 1.19 
4d +40 16 363 99 55 19 76 5 35,490 1.18 
5d +50 3 399 64 49 20 76 4 28,210 1.11 
6c +50 3 466 50 41 20 74 6 30,650 1.13 
7d +70 3 339 99 53 21 74 5 34,370 1.15 
8 +70 1 352 71 54 22 74 4 24,680 1.08 
9 +70 0.5 363 55 61 21 73 6 17,770 1.08 
a Polymerization conditions: 5 µmol [Zr]-complex; 1 eq. [(Me2NHPh)(B(C6F5)4; 2 eq. Al(nOct)3; c 4 mmol BD 
and 8 µmol catalyst, BD was added to cold catalyst solution and after freezing evacuated, than 50 °C; d same as 
entry 7 but without vacuum. 
At 40 °C, the polymerization is still very slow and only after 16 h full conversion could be 
observed. The long reaction time leads to a broad molecular weight distribution. Apart from 
chain termination reactions, this might also result from decomposition of the catalyst. A 
reaction temperature of at least 50 °C seems necessary to obtain polybutadiene with a narrow 
PD and reasonably short reaction times. After 3 h at this temperature, a conversion of 50 to 
60% is obtained with a molecular weight distribution of ~1.1 for the product. A reaction 
temperature of 70 °C gives even higher yields and lower polydispersities, but the catalyst 
decomposes more quickly.  
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Figure 14. 1st Order kinetics of butadiene polymerization at 50, 70, and 90 °C. 
Figure 14 shows the kinetics of the homopolymerization of butadiene at 50, 70 and at 90 °C. 
The reaction at 90 °C is especially fast. All three first order kinetics show a high degree of 
linearity, especially for the reaction at 50 °C.  
Table 8. Kinetic parameters of butadiene polymerization at different temperatures. 
T (°C) k (s-1) 
50 0.005 
70 0.037 
90 0.126 
 
EA = 78.916 kJ•mol-1 
 
The catalyst system produces mainly trans-1,4-polybutadiene. cis-1,4-Polybutadiene is only 
produced with 25%. Figure 15 shows the conversion of monomer against the polymerization 
time. At 50 °C, the conversion increases slowly, but linearly with time and after 2 h a 
conversion of ca. 50% is reached. 
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Figure 15. Conversion of butadiene polymerization at 50, 70 and 90 °C vs. time. 
At 70 °C, full conversion of the monomer is observed after 90 min. Above 60% conversion, 
the curve is no longer linear. This may be caused by a reduced local monomer concentration 
and an increasingly viscous reaction mixture. 
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Figure 16. Increase of number average molecular weight with time during the first 40 
min. of butadiene polymerization with catalyst 6, ▲: number average molecular weight, ♦: 
molecular weight distribution; Experimental details: [butadiene] / [cat] = 400, T = 70 °C. 
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Figure 16 shows the growing number average molecular weight with reaction time. All four 
experiments show a linear increase. 
The living behavior of these reactions is additionally shown by experiments with varying 
ratio of monomer to catalyst (Table 9).  
Table 9. Living behavior of 6 in butadiene polymerization. 
Run [BD] / [Cat.] cbutadiene (M) Mn (g/mol) Mw/Mn 
1 115 0.115 13,113 1.10 
2 211 0.211 17,663 1.12 
3 307 0.307 19,436 1.10 
4 404 0.404 23,809 1.13 
5 526 0.526 26,430 1.13 
Experimental details: 10 µmol [Zr]-complex; 1 eq. [(PhNMe2H)(B(C6F5)4]; 2 eq. Al(nOct)3; T = 70 °C, t = 90 
min. 
The linear increase of the number average molecular weight with higher butadiene/catalyst 
ratio is shown in Figure 17.  
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Figure 17. Polymerization of butadiene by zirconium catalyst 6, ▲: number average 
molecular weight, ♦: molecular weight distribution. 
All of these experiments underline the living nature of the polymerization with the 
zirconium catalyst 6. 
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Styrene-block-Butadiene Copolymers. Among the group IV metal systems that were used 
as catalysts for styrene polymerization during this work, the zirconium dibenzyl catalyst 6 
shows the best combination of activity and stereoselectivity. The polymers exhibit 
polydispersities below 1.10 and indicate a living nature of the process. The catalyst also 
shows a high butadiene polymerization activity and high temperature stability. This zirconium 
complex may therefore be suited to synthesize block copolymers of styrene and butadiene.  
Apart from statistic copolymers, polystyrene-block-polybutadiene copolymers can serve as 
composite material between both homopolymers. Those block copolymers are usually 
obtained by radical or ionic polymerization or post-polymerization reactions. The 
copolymerization is usually performed as anionic polymerization where one monomer is 
polymerized in the first step and the resulting anionic polymer chain then initiates the 
polymerization of the second monomer. In post-polymerization coupling reactions, both 
polymer chains carry reactive chain ends that can be coupled in one single reaction step.[30] 
Polystyrene-block-polybutadiene copolymers with stereoinformation in the polystyrene block 
have been reported for syndiotactic polystyrene-block-butadiene copolymers.[31] Isotacticity 
has been introduced into such polymers via short isotactic sequences in statistical 
copolymerization[32, 33] or anionically by Cohen et al..[34, 35] 
Table 10 summarizes the results obtained in the block copolymerization of styrene and 
butadiene using 6. In all cases, styrene was first polymerized at room temperature for 30 min., 
followed by the addition of a slight excess of butadiene. In run 1 and run 2, the reactions were 
continued after the addition of butadiene for further 3 h at room temperature (or 50 °C 
respectively). 
 
 
Table 10. Block copolymers of butadiene and styrene using activated 6. 
Runa [BD] / [styrene] 
T (°C) / t (h) 
BD block 
Copolymer 
compositionf 
1,4-/ 1,2-
PBD 1,4-PBD 
Mn 
(g/mol) 
Mw/Mn 
1b 1.33 25 / 3 
xS = 0.84 
xB = 0.16 
96 / 4 
22 % cis 
78 % trans 
30,640 1.30 
2c 1.24 50 / 3 
xS = 0.81 
xB = 0.19 
97 / 3 
19 % cis 
81 % trans 
36,580 1.23 
3d 1.23 70 / 1 
xS = 0.78 
xB = 0.22 
97 / 3 
24 % cis 
76 % trans 
95,170 1.05 
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4e 1.12 90 / 1 
xS = 57 
xB = 43 
97 / 3 
22 % cis 
78 % trans 
153,450 1.24 
a Polymerization conditions: 5 µmol [Zr]-complex; 1 eq. [(PhNMe2H)(B(C6F5)4)]; 2 eq. Al(nOct)3; b styrene 
block at 25 °C for 30 min., then BD addition and T = 25°C for 3 h; c styrene block at 25 °C for 30 min. , then BD 
addition and T = 50°C for 3 h; d styrene block at 25 °C for 30 min. , then BD addition and T = 70 °C for 1 h; e 
styrene block at 25 °C for 30 min. , then BD addition and T = 90 °C for 1 h f determined by 1H NMR analysis. 
The resulting polymers show a narrow molecular weight distribution of Mw/Mn = 1.2-1.3 
The slight broadening of the molecular weight distribution in comparison to the 
homopolymerization is probably due to slow decomposition of the catalyst and/or chain 
termination reactions. Rising the reaction temperature to 70 °C (run 3) and a diminished 
reaction time of 1 h leads to a very narrow molecular weight distribution of Mw/Mn = 1.05. 
However, the incorporated butadiene content is only moderate with 22%. Further 
enhancement of the reaction temperature to 90 °C leads to a higher amount of incorporated 
butadiene. Nearly the desired equimolar distribution of styrene and butadiene is achieved and 
the molecular weight distribution is slightly broadened (run 4).  
 
 
Figure 18. GPC curve of an iPS oligomer and the corresponding iPS-block-PBD 
copolymer. Solid line: sample taken after the styrene monomer is fully polymerized (Mn = 
62,060 g/mol; Mw/Mn= 1.03); dotted line: copolymer after quenching with isopropanol 
(Mn = 77,420 g/mol; Mw/Mn= 1.07). 
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Figure 18 shows the GPC curves obtained during and after copolymer formation. The solid 
line corresponds to a sample taken out of the reaction solution before butadiene addition. The 
polymer shows a very narrow molecular weight distribution of 1.03. As expected the dotted 
line shows an increase of Mn after butadiene addition. The small additional high molecular 
weight fraction is most probably due to some chain termination reactions during sampling. 
When no sample is taken during copolymerization this fraction could not be observed and 
only polymers with monomodal distributions are obtained. 
Apart from the monomodal distribution (determined by GPC measurements), an NMR 
analysis shows the existence of a block copolymer and excludes a coexisting mixture of two 
homopolymers. Figure 19 shows the high-field 13C NMR region of an iPS-block-PBD with a 
styrene content of 26%. 
 
Figure 19. Aliphatic region of the 13C NMR spectrum of iPS-block-BPD in CDCl3 at 25 
°C (Table 11, run 4).[33] 
The signals corresponding to the polystyrene backbone carbon atoms are observed at δ = 
40.53 and 42.89 ppm, while the main chain signals for the polybutadiene block appear at δ = 
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32.70 (1,4-trans) and 27.40 ppm (1,4-cis). The carbon atoms connecting the two blocks show 
resonances at δ = 30.11 and 43.47 ppm. These chemical shifts agree with those given by Proto 
et al. for statistical copolymers of styrene and butadiene.[33] 
The thermal properties of the block copolymers do not change with respect to of the 
copolymer composition. Table 11 gives the thermal properties of polybutadiene and 
polystyrene homopolymers as well as those of block copolymers containing 26%, 57% and 
78% polystyrene.  
Table 11. Thermal properties of styrene/butadiene block copolymers with different 
compositions. 
Run Copolymer 
composition 
Mn (g/mol) Mw/Mn Tg,Styrene  
(°C) 
Tg,Butadiene 
(°C) 
Tm,Styrene  
(°C) 
1 xS = 1; xB = 0 144,790 1.04 +93.6 - +223.5 
2 xS = 0.78; xB = 0.22 95,170 1.05 +69.7 −96.1 +223.5 
3 xS = 0.57; xB = 0.43 153,450 1.24 +74.0 −105.8 +222.2 
4 xS = 0.26; xB = 0.74 33,120 1.25 +86.0 −91.8 +222.7 
5 xS = 0; xB = 1 34,370 1.15 - −95.4 - 
 
B.1.2.5. Characterization of Isotactic Polystyrene by NMR Spectroscopy 
The assignment of polystyrenes by 1H NMR spectroscopy was first published in 1959 by 
Bovey et al..[36] In 1970, Johnson et al. described the first structural analysis of isotactic 
polystyrene based on 13C NMR spectra.[37] The analysis was limited to a superficial 
comparison of the spectra of atactic polystyrene and a mixture of atactic/isotactic polymers. 
Only few years later, assignment schemes were proposed that were based on different 
statistical models (Bernoullian and Markov).[38-41] These models were correlated to the 
different methods of sample preparation (cationic, anionic, radical), but no overall uniform 
consensus could be found. A different approach was the analysis of the 13C NMR spectra by 
means of trimers or pentamers of styrene as model compounds.[42-46] The 13C NMR spectra of 
the model compounds were extrapolated to the polymers by Sato et al. and allowed 
conclusions on the 13C NMR signal structure. In contrast, Harwood et al. have taken the 
opposite approach by epimerizing isotactic polystyrene.[47-49] The changed signal intensities 
allowed the assignment of all resonances. Tonelli et al. have determined the relative 13C NMR 
shifts by theoretical methods.[50, 51] In the 1990s, the assignment of polystyrene signals with 
various tacticities was revisited[52-55] and led to an agreement on the assignments of the 
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aromatic ipso carbon atom at the triad level and even for most of the pentads.[45, 47, 50, 52, 56] 
Concerning the backbone carbon atoms, the assignments still do not comply.  
 
Analysis of the ipso carbon atom in iPS by 13C NMR spectroscopy. Following the 
procedure of Harwood et al., homochiral isotactic polystyrene was epimerized. The polymer 
was dissolved in HMPA, KtOBu was added and the reaction mixture was heated at 100 °C for 
24 h. Figure 20 shows the change in the peak structure of the ipso carbon atom. During 
epimerization, the mmmmmm heptad disappears completely, while the rrrrrr heptad gains 
significantly. The signals were assigned according to Harwood et al. (Figure 21 and Table 
12).  
 
Figure 20. Epimerization of isotactic polystyrene.[47-49, 57, 58] 
 
Figure 21. 13C NMR spectrum of isotactic polystyrene (after epimerization) in CDCl3 at 
25 °C. Only the signal for the ipso carbon is shown.  
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Table 12. 13C NMR Chemical shifts of epimerized isotactic polystyrenes. 
Region No. Harwood 
Shift 
Observed 
Shift 
Δ to Harwood 
[ppm] 
Assignment 
Harwood 
A 1 146.40 146.40 0 m(mmmm)m 
A 2 146.32 146.33 0.01 m(mmmm)r 
A 3 146.25 146.25 0 r(mmmm)r 
B 4 146.20 146.22 0.02 m(mmmr)r 
B 5 146.18 146.17 0.01 r(mmmr)r 
B 6 146.13 146.14 0.01 m(mmmr)m 
B 7 146.06 146.08 0.02 r(mmmr)m 
C 8 146.01 146.02 0.01 r(rmmr)r 
C 9 145.92 145.97 0.05 m(rmmr)r 
C 10 145.91 145.92 0.01 m(rmmr)m 
D 11 145.85 145.88 0.03 m(mmrr)r 
D 12 145.77 145.80 0.03 m(mmrr)m 
D 13 145.76 145.76 0 r(mmrr)r 
D 14 145.74 145.75 0.01 m(mmrm)r 
D 15 145.70 145.72 0.02 r(mmrr)m 
D 16 145.67 / / m(mmrm)m 
D 17 145.63 145.61 0.02 r(mmrm)r 
D 18 145.60 145.56 0.04 r(mmrm)m 
E 19 145.53 145.52 0.01 r(mrmr)r 
E 20 145.50 / / r(mrmr)m 
E 21 145.48 / / r(rmrr)r 
E 22 145.45 145.46 0.01 r(rmrr)m 
E 23 145.43 / / m(rmrr)r 
E 24 145.41 145.40 0.01 m(mrmr)r 
E 25 145.36 / / m(mrmr)m 
E 26 145.35 / / m(rmrr)m 
E 27 145.27 145.31 0.04 m(rrrr)m 
F 28 145.20 145.20 0 r(rrrr)r 
F 29 145.15 145.13 0.02 m(rrrr)r 
F 30 145.12 145.12 0 r(mrrr)r 
F 31 145.11 145.10 0.01 r(mrrr)m 
F 32 145.08 / / r(mrrm)r 
F 33 145.07 / / m(mrrr)m 
F 34 145.06 145.04 0.02 m(mrrr)r 
F 35 145.00 145.01 0.01 m(mrrm)r 
F 36 144.94 144.97 0.03 m(mrrm)m 
New Group IV Metal Polymerization Catalysts 
47 
 
Table 12 gives the signal positions in atactic polystyrene. The 13C NMR chemical shift of a 
carbon atom within the polymer backbone depends on both neighbors, allowing to distinguish 
two types of stereoerrors: those controlled by the catalyst center and those introduced by 
chain end control (Figure 22).  
 
Figure 22. Chain end control versus catalyst control in isospecific styrene polymerization. 
Even in highly regular isospecific polymerization, some monomers are usually inserted with 
the wrong stereochemistry. If the next incoming monomer is not affected by this stereoerror, 
the polymerization is so-called catalyst controlled. However, if the following monomers are 
inserted with the same stereochemistry as the last incoming monomer, the process is 
described as chain end controlled.  
The catalyst system with (OSSO)-type ligands introduced by Okuda et al. is highly 
isospecific. An analysis of the stereoerrors allows distinguishing the polymerization 
mechanism as chain end controlled or as catalyst controlled. Figure 23 shows the low-field 
area of the 13C NMR spectrum of isotactic polystyrene before it was epimerized to give atactic 
polystyrene (Figure 21). The fine structure shows both types of stereoerrors, but with different 
ratios. The product from a chain end controlled mechanism is identified by one signal at δ = 
146.11 ppm (mmmmrm).  
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Figure 23. 13C NMR spectrum of the ipso carbon atom of 1-hexene terminated iPS, 
obtained with [Ti(OC6H2-tBu2-4,6)2{S(C6H10)S}Cl2]/MAO as catalyst (recorded in CDCl3 
at 25 °C). 
Signals at δ = 146.31, 145.99, 145.91, and 145.77 pm correspond to rmmmrr, rrmmrr, 
rmmmrr, mmmrrm heptads which are formed due to site controlled mechanism. This result 
agrees with the assumption of a single site controlled polymerization. 
 
Table 13. 13C NMR chemical shifts of heptads corresponding to the ipso carbon atom in 
iPS (measured in CDCl3 at 25 °C). 
No. Harwood 
Shift 
Observed 
Shift 
Δ to Harwood 
[ppm] 
Assignment  
Harwood 
1 146.40 146.40 0 m(mmmm)m 
2 146.32 146.31 0.01 m(mmmm)r 
3 146.25 146.24 0.01 r(mmmm)r 
4 146.18 146.18 0 r(mmmr)r 
5 146.13 146.11 0.02 m(mmmr)m 
6 146.01 145.99 0.02 r(rmmr)r 
7 145.91 145.91 0 r(mmmr)r 
8 145.77 145.77 0 m(mmrr)m 
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The 13C NMR spectra of iPS obtained with 4, 6, and 8 were recorded to determine the 
stereoselectivity. Figure 24 shows the 13C NMR spectra. The small peaks marked with an 
arrow are due to spinning side bands. No stereoerrors, as in the iPS depicted in Figure 23 were 
found. 
 
Figure 24. Low-field area of the 13C NMR spectra of iPS obtained with the catalysts 4, 6, 
and 8 (measured in CDCl3 at 25 °C). 
4, 6 and 8 polymerize styrene highly stereoselective acting as single-site catalysts.  
The regioerrors in styrene polymerization (primary insertion instead of secondary insertion) 
were determined by comparing the 13C NMR spectra of the polymers with those of model 
compounds (Figure 25).[29, 42, 59-63] 
 
Figure 25. Model compounds used for regioerrors in iPS.[29] 
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Figure 26 shows the high-field region of the NMR spectrum of iPS produced by catalyst 6. 
Two signals corresponding to the backbone methylene and methine carbon atoms are 
observed at δ = 40.63 and 42.99 ppm. No additional signals that would indicate regioerrors 
appear. 
 
Figure 26. 13C NMR spectrum of iPS produced by activated 6, recorded in CDCl3 at 25 
°C. 
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B.1.3. Concluding Remarks 
The sterically demanding bis(phenol) 2 was resolved into enantiomers by chiral HPLC; the 
homochiral titanium, zirconium, and hafnium complexes 4, 6, and 8 were synthesized. These 
showed low polymerization activity towards 1-hexene, but polymerized styrene and butadiene 
with high activity. A homochiral catalyst based on 6 allows to polymerize styrene and 
butadiene isospecifically.  
The zirconium dibenzyl catalyst 6 showed the best combination of activity and 
stereoselectivity in styrene polymerization. The resulting polymers exhibit polydispersities 
below 1.10 which indicates the living nature of the polymerization. This catalyst also 
polymerizes butadiene to 1,4-polybutadiene with a prevailing trans structure. This catalyst 
made isotactic polystyrene-block-polybutadiene polymers accessible for the first time. 
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B.1.4. Experimental Section 
Dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl)phenolato-bis((1S)-camphor-
10-sulfonate) (1). To a solution of the bis(phenolate) (10 g, 12.4 mmol) in Et2O (100 mL), 11 
mL of nBuLi (2.2.eq., 27.3 mmol) were slowly added at − 30 °C. After warming to room 
temperature, the (1S)-camphor-10-sulfonylchloride (2.3 eq., 28.5 mmol) in 100 mL 
diethylether was slowly added and the solution was refluxed for 16 h. After cooling to room 
temperature, the solution was extracted with Et2O, the organic phases were collected, dried 
over Na2SO4 and the solvent was evaporated in vacuo. The resulting yellow solid was purified 
via column chromatography (cyclohexane / ethyl acetate = 9/1). Yield: 10.45 g (8.47 mmol, 
68 %), 1H NMR (400 MHz, CDCl3): δ 0.73 (s, 3 H, CH3 (camphor)), 0.75 (s, 3 H, CH3 
(camphor)), 0.94 (s, 3 H, CH3 (camphor)), 0.98 (s, 3 H, CH3 (camphor)), 1.10-1.20 (m, 4 H, 
CH2 (camphor)), 1.20-2.02 (m, 40 H, CH, CH2 and CH3), 2.2-2.30 (m, 2 H, CH2), 2.95 - 3.08 
(m, 2 H, SCH Cy), 3.55 (d, 2JHH = 14.8 Hz, 2 H, CH2), 3.58 (d, 2JHH = 15.06 Hz, 2 H,  CH2), 
3.98 (d, 2JHH = 15.06 Hz, 2 H, CH2), 4.16 (d, 2JHH = 15.06 Hz, 2 H, CH2), 6.97 - 7.30 (m, 24 
H, CHarom) ppm. 13C NMR (400 MHz, CDCl3): δ 19.80 (CH3 (camphor)), 20.14 (CH3 
(camphor)), 20.24 (CH3 (camphor)), 23.80 (CH2 (camphor)), 24.29 (CH2 (camphor)), 24.79 
(CH2Cy), 24.85 (CH2Cy), 26.90 (CH2, camphor), 26.96 (CH2, camphor), 30.47 (CH2Cy), 
30.66 (CH2Cy), 30.84 (-C(CH3)2-Ph), 31.70 (-C(CH3)2-Ph), 32.02 (-C(CH3)2-Ph), 42.39 (-
C(CH3)2-Ph), 42.64 (CH (camphor)), 42.74 (CH (camphor)), 42.85 (CH (camphor)), 42.87 
(CH (camphor)), 43.22 (CH2 (camphor)), 43.28 (CH2 (camphor)), 47.82 (C(CH3)2 (camphor)), 
49.53 (CH2S (camphor)), 49.76 (CH2S (camphor)), 51.49 (SCH), 51.78 (SCH), 58.27 
(Cq(C=O) (camphor)), 125.26 (C-4 (cumyl)), 125.84 (C-3 (phenol)), 125.90 (C-2 (cumyl)), 
125.92 (C-2 (cumyl)), 126.54 (C-2 (cumyl)), 126.56 (C-2 (cumyl)), 127.75 (C-3 (cumyl)), 
127.86 (C-3 (cumyl)), 128.10 (C-3 (cumyl)), 128.21 (C-3 (cumyl)), 129.09 (C-2 (phenol)), 
129.47 (C-2 (phenol)), 132.15 (C-5 (phenol)), 132.81 (C-5 (phenol)), 143.49 (C-4 (phenol)), 
143.54 (C-4 (phenol)), 147.11 (C-6 (phenol)), 147.26 (C-6 (phenol)), 148.54 (C-1 (cumyl)), 
148.61 (C-1 (cumyl)), 149.65 (C-1 (cumyl)), 149.69 (C-1 (cumyl)), 150.34 (C-1 (phenol)), 
150.36 (C-1 (phenol)), 213.85 (C=O), 213.98 (C=O) ppm. Anal. Calcd. for C74H88O8S4 
(1232.54): C,72.04; H, 7.19. Found: C, 71.45; H, 6.93. 
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(1S,2S)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl)phenolato-bis((1S)-
camphor-10-sulfonate) (1a). (1S,2S)-1a was obtained by preparative HPLC of 1 on a 
Kromasil Si 100 column, using cyclohexane/ethyl acetate 9:1. [α]D23 = +6.45° (c = 20 mg•mL-
1 CH2Cl2); 1H NMR (400 MHz, CDCl3): δ 0.80-0.85 (s, 6 H, CH3 (camphor)), 1.00-1.05 (s, 6 
H, CH3 (camphor)), 1.10-1.20 (m, 4 H, CH2 (camphor)), 1.63 (s, 12 H, (-C(CH3)2-Ph)), 1.67 
(s, 6 H, (-C(CH3)2-Ph)), 1.60-1.78 (m, 4 H, CH2), 1.71 (s, 6 H, (-C(CH3)2-Ph)), 1.80-2.10 (m, 
10 H, CH and CH2), 2.29-2.32 (m, 1 H, CH2 (camphor)), 2.34-2.37 (m, 1 H, CH2 (camphor)), 
3.03-3.07 (m, 2 H, SCH Cy), 3.63 (d, 2JHH = 15.2 Hz, 2 H, CH2), 4.05 (d, 2JHH = 15.2 Hz, 2 H, 
CH2), 7.08 - 7.27 (m, 22 H, CHarom.), 7.32 (d, 4JHH = 2.26 Hz, 2 H, CHarom) ppm. 13C NMR 
(400 MHz, CDCl3) δ: 19.80 (CH3 (camphor)), 20.14 (CH3 (camphor)), 23.81 (CH2 
(camphor)), 24.85 (CH2Cy), 26.90 (CH2, camphor), 30.63 (CH2Cy), 30.84 (-C(CH3)2-Ph), 
31.70 (-C(CH3)2-Ph), 42.39 (-C(CH3)2-Ph), 42.75 (-C(CH3)2-Ph), 42.85 (CH (camphor)), 
43.28 (CH2 (camphor)), 47.83 (C(CH3)2 (camphor)), 49.76 (CH2S (camphor)), 51.49 (SCH), 
58.27 (Cq(C=O) (camphor)), 125.26 (C-4 (cumyl)), 125.84 (C-3 (phenol)), 125.92 (C-2 
(cumyl)), 126.57 (C-2 (cumyl)), 127.75 (C-3 (cumyl)), 128.22 (C-3 (cumyl)), 129.09 (C-2 
(phenol)), 132.81 (C-5 (phenol)), 143.54 (C-4 (phenol)), 147.11 (C-6 (phenol)), 148.55 (C-1 
(cumyl)), 149.66 (C-1 (cumyl)), 150.37 (C-1 (phenol)), 213.85 (C=O) ppm. 
 
(1R,2R)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl)phenolato-bis((1S)-
camphor-10-sulfonate) (1b). (1R,2R)-1b was obtained by preparative HPLC of 1 on a 
Kromasil Si 100 column, using cyclohexane/ethyl acetate 9:1. [α]D
23 = +15.95° (c = 20 
mg•mL-1 CH2Cl2); 1H NMR (400 MHz, CDCl3) δ: 0.80-0.85 (s, 6 H, CH3 (camphor)), 1.00-
1.05 (s, 6 H, CH3 (camphor)), 1.10-1.20 (m, 4 H, CH2 (camphor)), 1.63 (s, 12 H, (-C(CH3)2-
Ph)), 1.67 (s, 6 H, (-C(CH3)2-Ph)), 1.60-1.78 (m, 4 H, CH2), 1.71 (s, 6 H, (-C(CH3)2-Ph)), 
1.80-2.10 (m, 10 H, CH and CH2), 2.29-2.32 (m, 1 H, CH2 (camphor)), 2.34-2.37 (m, 1 H, 
CH2 (camphor)), 3.03-3.07 (m, 2 H, SCH Cy), 3.63 (d, 2JHH = 15.2 Hz, 2 H, CH2), 4.05 (d, 
2JHH = 15.2 Hz, 2 H, CH2), 7.08-7.27 (m, 22 H, CHarom), 7.32 (d, 4JHH = 2.26 Hz, 2 H, CHarom) 
ppm. 13C NMR (400 MHz, CDCl3) δ: 19.79 (CH3 (camphor)), 20.24 (CH3 (camphor)), 24.29 
(CH2 (camphor)), 24.78 (CH2Cy)), 26.94 (CH2 (camphor)), 30.29 (CH2Cy), 31.17 (-C(CH3)2-
Ph), 32.01 (-C(CH3)2Ph-), 42.38 (-C(CH3)2Ph-), 42.63 (-C(CH3)2Ph-), 42.86 (CH (camphor)), 
43.20 CH2 (camphor), 47.80 (C(CH3)2 (camphor)), 49.51 (CH2S (camphor)), 51.77 (SCH), 
58.27 (Cq(C=O) (camphor)), 125.24 (C-4 (cumyl)), 125.82 (C-3 (phenol)), 125.88 (C-2 
(cumyl)), 126.54 (C-2 (cumyl)), 127.85 (C-3 (cumyl)), 128.08 (C-3 (cumyl)), 129.46 (C-2 
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(phenol)), 132.14 (C-5 (phenol)), 143.48 (C-4 (phenol)), 147.24 (C-6 (phenol)), 148.59 (C-1 
(cumyl)), 149.68 (C-1 (cumyl)), 150.33 (C-1 (phenol)), 213.97 (C=O) ppm. 
 
(1S,2S)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-phenol) ((S,S)-2a). 
Refluxing the corresponding camphor sulfonate (1.2 g, 0.97 mmol) in a mixture of THF (30 
mL) and MeOH (30 ml) with 1.5 M aqueous NaOH solution (30 mL) for 8 h, followed by 
extraction with diethyl ether and drying over Na2SO4 afforded the enantiomerically pure 
bis(phenol) in 69% yield (542 mg, 0.67 mmol). [α]D23 = +50.00° (c = 20 mg•mL-1, CH2Cl2), 
mp = 134-137 °C. Anal. Calcd. for C54H60O2S2 (805.18): C, 80.55; H, 7.51. Found: C, 80.56; 
H, 7.51. 
 
(1R,2R)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-phenol) ((R,R)-2b). 
Refluxing the corresponding camphor sulfonate (936 mg, 0.75 mmol) in a mixture of THF (30 
mL) and MeOH (30 ml) with 1.5 M aqueous NaOH solution (30 mL) for 8 h, followed by 
extraction with diethyl ether and drying over Na2SO4 afforded the enantiomerically pure 
bis(phenol) in 73% yield (442 mg, 0.55 mmol). [α]D23 = −52.04° (c = 20 mg•mL-1, CH2Cl2), 
mp = 134-137 °C. Anal. Calcd. for C54H60O2S2 (805.18): C, 80.55; H, 7.51. Found: C, 80.40; 
H, 7.62. 
 
Dichloro{(1S,2S)-dithiocyclohexanediyl-2,2’-bis(4,6-di-cumylphenolato)}titanium 
((S,S)-3a). To a solution consisting of (S,S)-2a (402 mg, 0.5 mmol) in 3 mL of toluene, 
slowly TiCl4 (95 mg, 0.5 mmol) was added dropwise. The solution turned dark red upon 
addition. After stirring for 3 h at room temperature, the solvent was evaporated in vacuo. 
After washing twice with pentane, the complex was obtained as dark red powder. Yield: 418 
mg (0.45 mmol, 89%); [α]D23 = +23.46° (SD = 2°, c = 0.415 mg•mL-1, CH2Cl2); 1H NMR 
(400 MHz, CDCl3) δ: 0.58-0.63 (m, 2 H, cyclohexyl), 0.77-0.89 (m, 2 H, cyclohexyl), 1.40-
1.42 (m, 2 H, cyclohexyl), 1.61-1.68 (m, 22 H, C(CH3)2(C6H5) and cyclohexyl), 1.82 (s, 6 H, 
C(CH3)2(C6H5)), 6.70 (d, 4JHH = 2.01 Hz, 2 H, C6H2-3-H), 7.08-7.27 (m, 20 H, 
C(CH3)2(C6H5)), 7.47 (d, 4JHH = 2.01 Hz, 2 H, C6H2-5-H) ppm. Anal. Calcd. for 
C54H58Cl2O2S2Ti (920.27): C, 70.35; H, 6.34. Found: C, 69.37; H, 6.33. 13C NMR (400 MHz, 
CDCl3): δ 25.03 (cyclohexyl), 26.70 (C(CH3)2(C6H5)), 30.26 (C(CH3)2(C6H5)), 30.48 
(C(CH3)2(C6H5)), 30.77 (C(CH3)2(C6H5)), 31.34 (cyclohexyl), 42.27 (C(CH3)2(C6H5)), 42.76 
(C(CH3)2(C6H5)), 54.66 (SCH), 117.29 (Ph-C2), 125.30 (Ph), 125.72 (Ph), 126.12 (Ph), 
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126.59 (Ph), 126.90 (Ph), 127.65 (Ph), 128.03 (Ph), 131.96 (Ph), 136.67 (Ph-C4), 143.28 (Ph-
C6), 149.70 (C(CH3)2(C6H5), 150.59 (C(CH3)2(C6H5), Cipso), 166.39 ppm (Ph-C1). 
 
Dichloro{(1R,2R)-dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}titanium ((R,R)-3b). To a solution consisting of (R,R)-2b (402 mg, 0.5 mmol) in 
3 mL of toluene, slowly TiCl4 (95 mg, 0.5 mmol) was added dropwise. The solution turned 
dark red upon addition. After stirring for 3 h at room temperature, the solvent was evaporated 
in vacuo. After washing twice with pentane, the complex was obtained as dark red powder. 
Yield: 412 mg (0.44 mmol, 87%); [α]D23 = −24.91° (SD = 1.2°, c = 0.411 mg•mL-1, CH2Cl2); 
1H NMR (400 MHz, CDCl3) δ: 0.58-0.63 (m, 2 H, cyclohexyl), 0.77-0.89 (m, 2 H, 
cyclohexyl), 1.40-1.42 (m, 2 H, cyclohexyl), 1.61-1.68 (m, 22 H, C(CH3)2(C6H5) and 
cyclohexyl ), 1.82 (s, 6 H, C(CH3)2(C6H5)), 6.74 (d, 4JHH = 2.01 Hz, 2 H, C6H2-3-H), 7.08-
7.31 (m, 20 H, C(CH3)2(C6H5)), 7.51 (d, 4JHH = 2.01 Hz, 2 H, C6H2-5-H) ppm. 13C NMR 
spectra corresponds to that of 3a. Anal. Calcd. for C54H58Cl2O2S2Ti (920.27): C, 70.35; H, 
6.34. Found: C, 69.92; H, 6.36. 
 
Dibenzyl{(1S,2S)-dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}titanium ((S,S)-4a). 
To a solution consisting of Ti(Bz)4 (200 mg, 0.48 mmol) in 15 mL of toluene, bis(phenol) 
(S,S)-2a (390 mg, 0.48 mmol) in 20 mL of toluene was slowly added at -30 °C. After stirring 
for 3 h at room temperature, the solvent was evaporated in vacuo. Dark red crystals were 
obtained by slow evaporation of pentane. Yield: 370 mg (0.35 mmol, 74%); [α]D23 = +130.03° 
(SD = 1.6°, c = 0.25 mg•mL-1, CH2Cl2); 1H NMR (C6D5Br): δ 0.91 (m, 2 H, cyclohexyl), 1.29 
(m, 2 H, cyclohexyl), 1.62 (m, 2 H, cyclohexyl), 1.84 (s, 6 H, C(CH3)2(C6H5)), 1.88 (s, 6 H, 
C(CH3)2(C6H5)), 1.96 (s, 6 H, C(CH3)2(C6H5)), 1.99 (m, 2 H, cyclohexyl), 2.03 (m, 2 H, 
SCH), 2.08 (s, 6 H, C(CH3)2(C6H5)), 2.25 (d, 2JHH = 8.28 Hz,  2 H, TiCH2Ph), 2.63 (d, 2JHH = 
8.28 Hz,  2 H, TiCH2Ph), 6.70 (d, 4JHH = 7.53 Hz, 4H, Ti-CH2-C6H5-2-H), ), 6.99 (d, 4JHH = 
2.26 Hz, 2 H, C6H2-3-H), 7.54-6.99 (m, 26 H, C(CH3)2(C6H5) and TiCH2C6H5, 7.75 (d, 4JHH = 
2.26 Hz, 2 H, C6H2-5-H) ppm. 13C NMR (C6D6): δ 26.43 (cyclohexyl), 29.51 
(C(CH3)2(C6H5)), 31.35 (C(CH3)2(C6H5)), 31.47 (C(CH3)2(C6H5)), 31.67 (C(CH3)2(C6H5)), 
33.13 (cyclohexyl), 43.23 (C(CH3)2(C6H5)), 43.30 (C(CH3)2(C6H5)), 53.58 (SCH), 85.65 
(Ti(CH2Ph)2), 118.67 (Ph-C2), 123.97 (Ph), 126.09 (Ph), 126.36 (Ph), 126.55 (Ph), 127.51 
(Ph-C3), 128.79 (Ph), 128.86 (TiCH2C6H5, Cipso), 130.79 (Ph-C5), 133.81 (Ph), 136.08 (Ph-
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C4), 141.13 (TiCH2C6H5, Cortho), 144.17 (Ph-C6), 151.81 (C(CH3)2(C6H5), Cipso), 151.96 
(C(CH3)2(C6H5), Cipso), 166.23 (Ph-C1) ppm. Anal. Calcd. for C68H72O2S2Ti (1033.30): C, 
79.04; H, 7.02. Found: C, 78.97; H, 6.99.  
 
Dibenzyl{(1R,2R)-dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}titanium ((R,R)-4b). 
To a solution consisting of Ti(Bz)4 (200 mg, 0.48 mmol) in 15 mL of toluene, bis(phenol) 
(R,R)-2b (390 mg, 0.48 mmol) in 20 mL of toluene was slowly added at −30 °C. After stirring 
for 3 h at room temperature, the solvent was evaporated in vacuo. The dark red product was 
purified by crystallization from toluene. Yield: 406 mg (0.39 mmol, 81%); [α]D23 = -108.16° 
(SD = 1.5°, c = 0.26 mg•mL-1, CH2Cl2); 1H NMR (C6D6): δ 0.53 (m, 2 H, cyclohexyl), 1.04 
(m, 2 H, cyclohexyl), 1.23 (m, 2 H, cyclohexyl), 1.57 (s, 6 H, C(CH3)2(C6H5)), 1.61 (s, 6 H, 
C(CH3)2(C6H5)), 1.67 (m, 2 H, cyclohexyl), 1.73 (s, 6 H, C(CH3)2(C6H5)), 1.82 (m, 2 H, 
SCH), 1.86 (s, 6 H, C(CH3)2(C6H5)), 2.21 (d, 2JHH = 8.53 Hz,  2H, TiCH2Ph), 2.57 (d, 2JHH = 
8.53 Hz,  2H, TiCH2Ph), 6.70 (d, 4JHH = 7.28 Hz, 4 H, Ti-CH2-C6H5-2-H), 6.80 (d, 4JHH = 
2.01 Hz, 2 H, C6H2-3-H), 7.32-6.70 (m, 26 H, C(CH3)2(C6H5) and TiCH2C6H5), 7.55 (d, 4JHH 
= 2.26 Hz, 2 H, C6H2-5-H) ppm. 13C NMR (C6D6): δ 25.75 (cyclohexyl), 28.77 
(C(CH3)2(C6H5)), 30.70 (C(CH3)2(C6H5)), 30.92 (C(CH3)2(C6H5)), 31.01 (C(CH3)2(C6H5)), 
32.61 (cyclohexyl), 42.72 (C(CH3)2(C6H5)), 42.84 (C(CH3)2(C6H5)), 53.03 (SCH), 85.87 
(Ti(CH2Ph)2), 118.32 (Ph-C2), 123.60(Ph), 125.65 (Ph), 125.82 (Ph), 126.06 (Ph), 127.02 
(Ph-C3), 128.40 (Ph), 129.28 (TiCH2C6H5, Cipso), 130.40 (Ph), 133.33 (Ph-C5), 135.94 (Ph-
C4), 135.94 (Ph-C4), 140.66 (TiCH2C6H5, Cortho), 143.85 (Ph-C6), 151.41 (C(CH3)2(C6H5), 
Cipso), 151.46 (C(CH3)2(C6H5), Cipso), 166.01 (Ph-C1) ppm. Anal. Calcd. for C68H72O2S2Ti 
(1033.30): C, 79.04; H, 7.02. Found: C, 78.35; H, 6.98.  
  
Generation of the ion pair [benzyl{(1S,2S)-dithiocyclohexanediyl-2,2’-bis(4,6-di-2-
phenyl-2propyl-phenolato)}titanium] [benzyl-tris(pentafluorophenyl)borate] ((S,S)-5a). 
 In a glove box, a Teflon-valved NMR tube was charged with [Ti(L)2(CH2Ph)2] (4a) 
(26 mg, 25 μmol) and B(C6F5)3 (13 mg, 25 μmol). C6D5Br (ca. 0.5 ml) was added with a 
syringe. The tube was sealed, and NMR spectra revealed the quantitative formation of the 
cation [Ti(L)2CH2Ph]+[PhCH2B(C6F5)3]− (5a). 1H NMR (C6D5Br): δ 0.78 (m, 2 H, 
cyclohexyl), 1.00 (m, 2 H, cyclohexyl), 1.50 (m, 2 H, cyclohexyl), 1.76 (s, 6 H, 
C(CH3)2(C6H5)), 1.79 (s, 6 H, C(CH3)2(C6H5)), 1.81 (s, 6 H, C(CH3)2(C6H5)), 1.83 (s, 6 H, 
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C(CH3)2(C6H5)), 1.87 (m, 2 H, cyclohexyl), 2.04 (m, 2 H, SCH), 3.03 (s, 2 H, TiCH2Ph), 3.62 
(s,  2 H, BCH2Ph), 7.89-6.59 (m, 34 H, C(CH3)2(C6H5), BCH2C6H5(C6F5)3 and TiCH2C6H5) 
ppm. 11B NMR (C6D5Br): δ -12.29 ppm. 
 
rac-Dibenzyl{dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}zirconium (6). 
 To a solution of Zr(Bz)4 (218 mg, 0.48 mmol) in 15 mL of toluene, bis(phenol) rac-2 
(390 mg, 0.48 mmol) in 20 mL of toluene was slowly added at − 60 °C. The solution was 
allowed to warm to room temperature and was stirred for further two hours. After evaporating 
the solvent in vacuo, pentane was added and the product was obtained as yellow powder. 
Yield: 378 mg (0.35 mmol, 73%). 1H NMR (C6D6): δ 0.55 (m, 2 H, cyclohexyl), 1.08 (m, 2 H, 
cyclohexyl), 1.12 (d, 2JHH = 8.53 Hz , 2 H, ZrCH2Ph), 1.24 (m, 2 H, cyclohexyl), 1.58 (s, 6 H, 
C(CH3)2(C6H5)), 1.61 (s, 6 H, C(CH3)2(C6H5)), 1.65 (s, 6 H, C(CH3)2(C6H5)), 1.66 (s, 6 H, 
C(CH3)2(C6H5)), 1.71 (m, 2 H, cyclohexyl), 1.87 (d, 2JHH = 8.53 Hz , 2 H, ZrCH2Ph), 1.91 (m, 
2 H, SCH), 6.41 (d, 4JHH = 7.28 Hz, 4 H, Zr-CH2-C6H5-2-H), 6.82 (d, 4JHH = 2.01 Hz, 2 H, 
C6H2-3-H), 7.20-6.86 (m, 26 H, C(CH3)2(C6H5) and ZrCH2C6H5), 7.50 (d, 4JHH = 2.01 Hz, 2 
H, C6H2-5-H) ppm. 13C NMR (400 MHz, C6D6): δ 25.72 (cyclohexyl), 29.14 
(C(CH3)2(C6H5)), 30.16 (C(CH3)2(C6H5)), 30.70 (C(CH3)2(C6H5)), 31.03 (C(CH3)2(C6H5)), 
32.55 (cyclohexyl), 42.60 (C(CH3)2(C6H5)), 42.67 (C(CH3)2(C6H5)), 52.37 (SCH), 60.03 
(Zr(CH2Ph)2), 117.51 (Ph-C2), 122.56 (Ph), 125.57 (Ph), 125.57 (Ph), 125.69 (Ph), 127.02 
(Ph-C3), 128.53 (Ph), 128.62 (ZrCH2C6H5, Cipso), 130.21 (Ph), 133.75 (Ph-C5), 136.45 (Ph-
C4), 139.98 (ZrCH2C6H5, Cortho), 143.48 (Ph-C6), 151.44 (C(CH3)2(C6H5), Cipso), 151.45 
(C(CH3)2(C6H5), Cipso), 164.58 (Ph-C1) ppm. Anal. Calcd. for C68H72O2S2Zr (1076.65): C, 
75.86; H, 6.74. Found: C, 72.48; H, 7.43.  
 
Dibenzyl{(R,R)-(dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}zirconium (6a). To a solution of Zr(Bz)4 (218 mg, 0.48 mmol) in 15 mL of 
toluene, bis(phenol) 2b (390 mg, 0.48 mmol) in 20 mL of toluene was slowly added at -60 °C. 
The solution was allowed to warm to room temperature and was stirred for further two hours. 
After evaporating the solvent in vacuo, pentane was added and the product was obtained as 
yellow powder. Yield: 412 mg (0.38 mmol, 79%). [α]D23 = +118.41° (SD = 0.19°, c = 2 
mg•mL-1, CH2Cl2); 1H NMR spectra corresponds to that of 6. 
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rac-Dibenzyl{dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenolato)}zirconium (7). 
 To a solution consisting of Zr(Bz)4 (218 mg, 0.48 mmol) in 15 mL of toluene, 
dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenol) (264 mg, 0.48 mmol) in 20 mL of 
toluene were slowly added at − 60 °C. The solution was allowed to warm to room temperature 
and was stirred for further two hours. After evaporating the solvent in vacuo, pentane was 
added and the product was obtained as yellow powder. Yield: 283 mg (0.34 mmol, 71%). 1H 
NMR (C6D6): δ 0.28 (m, 2 H, cyclohexyl), 1.05 (m, 2 H, cyclohexyl), 1.27 (s, 18 H, tertBu), 
1.43 (m, 2 H, cyclohexyl), 1.58 (s, 18 H, tertBu), 1.83 (m, 2 H, cyclohexyl), 1.97 (d, 2JHH = 
9.04 Hz , 2 H, ZrCH2Ph), 2.29 (m, 2 H, SCH), 2.32 (d, 2JHH = 9.29 Hz , 2 H, ZrCH2Ph), 7.17-
6.86 (m, 12 H, ZrCH2C6H5 and C6H2-3-H ), 7.49 (d, 4JHH = 2.51 Hz, 2 H, C6H2-5-H) ppm. 
 
Figure 27. Molecular structure of 7 in the crystal. Anisotropic displacement parameters 
are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. The 
postion of carbon atom C27 is disordered and only one of both split positions is shown. 
 
rac-Dibenzyl{(dithiocyclohexanediyl-2,2’-bis(4,6-di-2-phenyl-2-propyl-
phenolato)}hafnium (8). 
 To a solution of Hf(Bz)4 (108 mg, 0.2 mmol) in 8 ml of toluene, bis(phenol) rac-2 
(162 mg, 0.2 mmol) in 10 mL of toluene were slowly added at −70 °C. The solution was 
allowed to warm to room temperature and was stirred for additional two hours. After 
evaporating the solvent in vacuo pentane was added the product was obtained as off-white 
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powder. Yield: 101 mg (80 µmol, 43%); 1H NMR (C6D6): δ 0.47 (m, 2 H, cyclohexyl), 1.03 
(m, 2 H, cyclohexyl), 1.14 (m, 2 H, cyclohexyl), 1.48 (d, 2JHH = 10.54 Hz , 2 H, HfCH2Ph), 
1.57 (s, 6 H, C(CH3)2(C6H5)), 1.60 (m, 2 H, cyclohexyl), 1.61 (s, 6 H, C(CH3)2(C6H5)), 1.71 
(s, 6 H, C(CH3)2(C6H5)), 1.73 (s, 6 H, C(CH3)2(C6H5)), 1.81 (m, 2 H, SCH), 1.95 (d, 2JHH = 
10.54 Hz , 2 H, HfCH2Ph), 6.61 (d, 4JHH = 7.28 Hz, 4 H, Zr-CH2-C6H5-2-H), 6.81 (d, 4JHH = 
2.01 Hz, 2 H, C6H2-3-H), 7.20-6.86 (m, 26 H, C(CH3)2(C6H5) and ZrCH2C6H5), 7.55 (d, 4JHH 
= 2.26 Hz, 2 H, C6H2-5-H) ppm. 13C NMR (400 MHz, C6D6): δ 25.67 (cyclohexyl), 29.00 
(C(CH3)2(C6H5)), 30.18 (C(CH3)2(C6H5)), 30.71 (C(CH3)2(C6H5)), 31.01 (C(CH3)2(C6H5)), 
32.82 (cyclohexyl), 42.65 (C(CH3)2(C6H5)), 42.66 (C(CH3)2(C6H5)), 52.94 (SCH), 68.17 
(Zr(CH2Ph)2), 116.85 (Ph-C2), 122.54 (Ph), 125.63 (Ph), 125.82 (Ph), 125.93 (Ph), 127.00 
(Ph-C3), 128.36 (Ph), 128.62 (ZrCH2C6H5, Cipso), 129.12 (Ph), 133.64 (Ph-C5), 137.76 (Ph-
C4), 140.30 (ZrCH2C6H5, Cortho), 143.31 (Ph-C6), 151.28 (C(CH3)2(C6H5), Cipso), 151.38 
(C(CH3)2(C6H5), Cipso), 164.78 (Ph-C1) ppm. 
 
rac-Dibenzyl{dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenolato)}hafnium (9). 
 To a solution of Hf(Bz)4 (108 mg, 0.2 mmol) in 15 mL of toluene, 
dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenol) (110 mg, 0.2 mmol) in 20 mL of 
toluene was slowly added at − 60 °C. The solution was allowed to warm to room temperature 
and was stirred for further two hours. After evaporating the solvent in vacuo, pentane was 
added and the product was obtained as yellow powder. Yield: 134 mg (0.15 mmol, 73%). 1H 
NMR (400 MHz, C6D6): δ 0.22 (m, 2 H, cyclohexyl), 0.96 (m, 2 H, cyclohexyl), 1.26 (s, 18 
H, tertBu), 1.40 (m, 2 H, cyclohexyl), 1.66 (s, 18 H, tertBu), 1.71 (m, 2 H, cyclohexyl), 2.20 (m, 
2 H, SCH), 2.40 (d, 2JHH = 10.79 Hz , 2 H, HfCH2Ph), 2.58 (d, 2JHH = 10.79 Hz , 2 H, 
HfCH2Ph), 7.15-6.84 (m, 12 H, HfCH2C6H5 and C6H2-3-H ), 7.55 (d, 4JHH = 2.26 Hz, 2 H, 
C6H2-5-H) ppm. 13C NMR (400 MHz, C6D6): δ 25.39 (cyclohexyl), 30.19 (C(CH3)3), 31.33 
(C(CH3)3), 33.41 (cyclohexyl), 34.26 (C(CH3)3), 35.38 (C(CH3)3), 53.68 (SCH), 116.60 (Ph-
C2), 126.81 (Ph-C3), 130.93 (Ph-C5), 138.61 (Ph-C4), 143.14 (Ph-C6), 165.33 ppm (Ph-C1). 
 
Typical 1-hexene polymerization procedure.  
Into a 20 mL flask equipped with a magnetic stirrer, the catalyst (11 μmol) and 4 mL 
of 1-hexene were added. The solution was kept at room temperature. The activator B(C6F5)3 
(11 μmol) in 1 mL of 1-hexene was rapidly added via syringe. The polymerization was 
carried out for 5 h. The reaction was quenched by adding acidified methanol (3% HCl, 1 mL). 
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The reaction mixture was dried under vacuum. The oligo(1-hexene)s were purified by passing 
their hexane solution through a pipette containing silica gel. The oligomer was dried 
overnight under vacuum.  
 
Typical styrene polymerization procedure.  
Into a 20 mL flask equipped with a magnetic stirrer, toluene (3 mL), the catalyst (10 
μmol), [PhNMe2H][B(C6F5)4] (4.5 mM solution, 9 μmol), and 4 mL of AlOct3 (5 mM 
solution, 20 μmol) were added. The solution was kept stirring for 20 min at room temperature. 
Styrene (500 mg, 4.8 mmol) was added by syringe. The polymerization was carried out for 2 
hours. The reaction was quenched by adding 0.5 mL of isopropanol. The polymer was 
precipitated in acidified methanol (3% HCl, 100 mL) and was dried under vacuum overnight. 
 
Typical butadiene polymerization procedure.  
Into a 20 mL flask equipped with a magnetic stirrer, toluene (3 mL), the catalyst (10 
μmol), [PhNMe2H][B(C6F5)4] (4.5 mM solution, 10 μmol), and 4 mL of AlOct3 (5 mM 
solution, 20 μmol) were added. The solution was kept stirring for 20 min at room temperature. 
The appropriate amount of 1,3-butadiene was added by a syringe. The flask was then 
submitted to an oil bath with the appropriate temperature and the polymerization was carried 
on for the desired time. The reaction was quenched by adding 0.5 mL of isopropanol. The 
solvents were removed in vacuo and the polymer was dried under vacuum overnight. 
Typical procedure for the synthesis of block copolymers. 
Into a 20 mL flask equipped with a magnetic stirrer, toluene (4 mL), the catalyst (10 μmol), 
[PhNMe2H][B(C6F5)4] (10 μmol in 4 ml of toluene), and 2 ml of AlOct3 (20 μmol) were 
added. The solution was kept stirring for 20 min at room temperature. The appropriate amount 
of styrene was added by a syringe and the mixture was stirred for 30 min at room temperature. 
Then the appropriate amount of 1,3-butadiene was added and the reaction solution was heated 
at the desired temperature. After the appropriate reaction time the reaction was quenched 
through the addition of 0.5 mL of isopropanol. The polymer was precipitated in acidified 
methanol (3% HCl, 100 mL) and dried under vacuum overnight. 
New Group IV Metal Polymerization Catalysts 
61 
 
B.1.5. References 
[1] R. J. Kern, H. G. Hurst, W. R. Richard, J. Polym. Sci. 1960, 45, 195. 
[2] C. G. Overberger, F. Ang, H. Mark, J. Polym. Sci. 1959, 35, 381. 
[3] G. Natta, P. Pino, P. Corradini, F. Danusso, E. Mantica, G. Mazzanti, G. Moraglio, J. 
Am. Chem. Soc. 1955, 77, 1708. 
[4] G. Natta, P. Corradini, Makromol. Chem. 1955, 16, 77. 
[5] H. H. Brintzinger, D. Fischer, R. Mülhaupt, B. Rieger, R. M. Waymouth, Angew. 
Chem., Int. Ed. Engl. 1995, 34, 1143. 
[6] T. Arai, S. Suzuki, T. Ohtsu, Olefin Polymerization 2000, 749, 66. 
[7] T. Arai, T. Ohtsu, S. Suzuki, Abstracts of Papers of the American Chemical Society 
1998, 215, U391. 
[8] A. S. Rodrigues, E. Kirillov, T. Roisnel, A. Razavi, B. Vuillemin, J. F. Carpentier, 
Angew. Chem., Int. Ed. Engl. 2007, 46, 7240. 
[9] K. Beckerle, R. Manivannan, T. P. Spaniol, J. Okuda, Organometallics 2006, 25, 
3019. 
[10] C. Capacchione, R. Manivannan, M. Barone, K. Beckerle, R. Centore, L. Oliva, A. 
Proto, A. Tuzi, T. P. Spaniol, J. Okuda, Organometallics 2005, 24, 2971. 
[11] C. Capacchione, A. Proto, J. Okuda, J. Polym. Sci. Part A: Polym. Chem. 2004, 42, 
2815. 
[12] C. Capacchione, F. De Carlo, C. Zannoni, J. Okuda, A. Proto, Macromolecules 2004, 
37, 8918. 
[13] K. Beckerle, C. Capacchione, H. Ebeling, R. Manivannan, R. Mülhaupt, A. Proto, T. 
P. Spaniol, J. Okuda, J. Organomet. Chem. 2004, 689, 4636. 
[14] C. Capacchione, A. Proto, H. Ebeling, R. Mülhaupt, K. Möller, T. P. Spaniol, J. 
Okuda, J. Am. Chem. Soc. 2003, 125, 4964. 
[15] G. J. M. Meppelder, K. Beckerle, R. Manivannan, B. Lian, G. Raabe, T. P. Spaniol, J. 
Okuda, Chem. Asian J. 2008, 3, 1312. 
[16] K. Beckerle, R. Manivannan, B. Lian, G. J. M. Meppelder, G. Raabe, T. P. Spaniol, H. 
Ebeling, F. Pelascini, R. Mülhaupt, J. Okuda, Angew. Chem., Int. Ed. Engl. 2007, 46, 
4790. 
[17] A. S. Rodrigues, E. Kirillov, J. F. Carpentier, Coord. Chem. Rev. 2008, 252, 2115. 
[18] N. Ishihara, M. Kuramoto, M. Uoi, Macromolecules 1988, 21, 3356. 
New Group IV Metal Polymerization Catalysts 
62 
 
[19] N. Ishihara, T. Seimiya, M. Kuramoto, M. Uoi, Macromolecules 1986, 19, 2464. 
[20] K. Marcsekova, C. Loos, F. Rominger, S. Doye, Synlett 2007, 2564. 
[21] A. Von Zelewski, Stereochemistry of Coordination Compounds, Wiley: Chichester, U. 
K., 1996. 
[22] P. D. Knight, P. Scott, Coord. Chem. Rev. 2003, 242, 125. 
[23] M. Bochmann, S. J. Lancaster, M. B. Hursthouse, K. M. A. Malik, Organometallics 
1994, 13, 2235. 
[24] E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391. 
[25] K. Weissermel, H. J. Arpe, Industrial Organic Chemistry, 4 ed., Wiley-VCH, New 
York, 2003. 
[26] B. Lian, K. Beckerle, T. P. Spaniol, J. Okuda, Angew. Chem., Int. Ed. Engl. 2007, 46, 
8507. 
[27] K. Beckerle, C. Capacchione, H. Ebeling, R. Manivannan, R. Mülhaupt, A. Proto, T. 
P. Spaniol, J. Okuda, J. Organomet. Chem. 2004, 689, 4636. 
[28] K. Beckerle, R. Manivannan, B. Lian, G. J. Meppelder, G. Raabe, T. P. Spaniol, H. 
Ebeling, F. Pelascini, R. Mülhaupt, J. Okuda, Angew Chem Int Ed Engl 2007, 46, 
4790. 
[29] L. Izzo, M. Napoli, L. Oliva, Macromolecules 2003, 36, 9340. 
[30] N. Hadjichristidis, M. Pitsikalis, H. Iatrou, Block Copolymers I 2005, 189, 1. 
[31] A. Zambelli, M. Caprio, A. Grassi, D. E. Bowen, Macromol. Chem. Phys. 2000, 201, 
393. 
[32] M. Napoli, R. Ricciardi, A. Memoli, P. Longo, J. Polym. Sci. Part A: Polym. Chem. 
2008, 46, 1476. 
[33] S. Milione, C. Cuomo, C. Capacchione, C. Zannoni, A. Grassi, A. Proto, 
Macromolecules 2007, 40, 5638. 
[34] L. A. Cazzaniga, R. E. Cohen, Polym. Eng. Sci. 1994, 34, 1005. 
[35] L. Cazzaniga, R. E. Cohen, Macromolecules 1991, 24, 5817. 
[36] F. A. Bovey, G. V. D. Tiers, G. Filipovich, J. Polym. Sci. 1959, 38, 73. 
[37] L. F. Johnson, F. Heatley, F. A. Bovey, Macromolecules 1970, 3, 175. 
[38] J. C. Randall, J. Polym. Sci. 1975, 13, 889. 
[39] K. Matsuzaki, T. Uryu, T. Seki, K. Osada, T. Kawamura, Makromol. Chem., 
Macromol. Chem. Phys. 1975, 176, 3051. 
[40] Y. Inoue, R. Chujo, A. Nishioka, Makromol. Chem. 1972, 156, 207. 
New Group IV Metal Polymerization Catalysts 
63 
 
[41] H. L. Frisch, C. L. Mallows, F. A. Bovey, J. Chem. Phys. 1966, 45, 1565. 
[42] B. Jasse, F. Laupretre, L. Monnerie, Makromol. Chem., Macromol. Chem. Phys. 1977, 
178, 1987. 
[43] H. Sato, Y. Tanaka, K. Hatada, Makromol. Chem., Rapid Commun. 1982, 3, 175. 
[44] K. F. Elgert, R. Henschel, H. Schorn, R. Kosfeld, Polym. Bull. 1981, 4, 105. 
[45] H. Sato, Y. Tanaka, ACS Symp. Ser. 1984, 247, 181. 
[46] H. Sato, Y. Tanaka, K. Hatada, Makromol. Chem., Rapid Commun. 1982, 3, 181. 
[47] H. J. Harwood, T. K. Chen, F. T. Lin, ACS Symp. Ser. 1984, 247, 197. 
[48] T. K. Chen, H. J. Harwood, Makromol. Chem., Rapid Commun. 1983, 4, 463. 
[49] T. K. Chen, T. A. Gerken, H. J. Harwood, Polym. Bull. 1980, 2, 37. 
[50] A. E. Tonelli, Macromolecules 1983, 16, 604. 
[51] A. E. Tonelli, Macromolecules 1979, 12, 252. 
[52] T. Kawamura, N. Toshima, K. Matsuzaki, Macromol. Rapid Commun. 1994, 15, 479. 
[53] T. Kawamura, T. Uryu, K. Matsuzaki, Makromol. Chem., Rapid Commun. 1982, 3, 
661. 
[54] P. Longo, A. Proto, A. Zambelli, Macromol. Chem. Phys. 1995, 196, 3015. 
[55] P. Longo, A. Grassi, L. Oliva, P. Ammendola, Makromol. Chem., Macromol. Chem. 
Phys. 1990, 191, 237. 
[56] H. N. Cheng, G. H. Lee, Int. J. Polym. Anal. Char. 1996, 2, 439. 
[57] H. J. Harwood, T. K. Chen, A. M. Dasgupta, L. Shepherd, F. T. Lin, Abstracts of 
Papers of the American Chemical Society 1985, 189, 96. 
[58] L. Shepherd, T. K. Chen, H. J. Harwood, Polym. Bull. 1979, 1, 445. 
[59] S. H. Yang, J. Huh, W. H. Jo, Organometallics 2006, 25, 1144. 
[60] P. Ammendola, T. Tancredi, A. Zambelli, Macromolecules 1986, 19, 307. 
[61] F. Bangerter, S. Serafini, P. Pino, O. Vogl, Makromol. Chem., Rapid Commun. 1981, 
2, 109. 
[62] G. Weill, O. Vogl, Polym. Bull. 1978, 1, 181. 
[63] D. Braun, H. Hintz, W. Kern, Makromol. Chem. 1963, 62, 108. 
 
 
Induction of Optical Activity in Homochiral Isotactic Polystyrenes 
64 
 
B.2. Induction of Optical Activity in Homochiral Isotactic Polystyrenes 
Abstract: 
 
Homochiral unsubstituted isotactic polystyrene does not form secondary helical structures in 
solution. An appropriate substituent in para-position of styrene can enforce a helical 
conformation. This enantiopure secondary structure should be detected by optical rotation. 
For substituents with inherent chirality, a different optical rotation value for the polymer as 
for the monomer should prove a chiral secondary structure. A chiral substituent should also 
indicate stereoerrors within the polymer, since stereoerrors lead to helix inversions and 
suppress optical activity. 
 
 
This chapter deals with the synthesis of an optically active styrene derivative and the 
polymerization thereof. The polymers were analyzed with respect to their values of optical 
rotation. 
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B.2.1. Introduction 
Isotactic cryptochiral poly(α-olefin)s can show optical activity if they form a chiral 
secondary structure, such as an α-helix with only one handedness.[1] Isotactic polystyrene 
crystallizes in a helical and therefore chiral secondary structure, but suffers from a long 
induction time for crystallization.[2-5] In solution, no helical structure is formed.  
The discovery of an enantiopure catalyst system for the isospecific polymerization of 
styrene by Okuda et al.[6, 7] made homochiral polystyrenes accessible. By stabilizing their 
secondary structure, these should form homochiral one handed and optically active helices. 
One approach to induce and to stabilize this secondary structure is to attach bulky side groups 
to the monomer.[8] Whereas the para-substitution of styrenes with sugar residues[9-11] and 
ethereal residues[12-14] was investigated in detail, only few para-substituted styrenes that are 
made up only from hydrocarbons have been described. The synthetic routes are too 
demanding to provide the monomers on a large scale.[15-17] Optically active side groups in 
styrene preferentially contain heteroatoms.[18-20] In addition to the steric effect, a chiral 
substituent can help to establish the structure. A different optical rotation value for the 
homochiral polymer as for the monomer indicates a chiral secondary structure. The presence 
of stereoerrors within the polymers can also be shown because stereoerrors should lead to 
helix inversions that suppress optical activity.  
This chapter describes the synthesis of optically active styrene monomers. These are 
polymerized and analyzed with respect to their optical rotation properties. 
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B.2.2. Results and Discussion 
B.2.2.1. Synthesis of an Optically Active Styrene Derivative 
(−)-Menthol was selected as chiral substituent for styrene. It is easily available, shows a 
high degree of optical rotation ([α]D
23 = −39°),[21] and can be modified. The reagents menthyl 
chloride or menthyl tosylate can be obtained from menthol easily.[22-24] 
As a first target monomer, styrene with a menthyl moiety in para-position was chosen, since 
it does not contain any heteroatoms (Figure 1). Starting materials were p-chlorostyrene or p-
chloromethylstyrene that can be converted into the corresponding Grignard reagents by 
reaction with magnesium in THF.  
 
Figure 1. Menthyl substituted styrene without heteroatoms as target molecule. 
However, the p-chloromethylstyryl Grignard reagent reacted with menthyl chloride at room 
temperature for 2 h under exposure to ultrasound exclusively to 1,2-bis(4-vinylphenyl)ethane 
as the homocoupled product of p-chloromethylstyrene (Scheme 1). Even under reaction 
conditions that are employed for Kumada coupling,[25-27] e.g. by adding a nickel catalyst at 
elevated reaction temperatures, the reaction led again to the homocoupled product. The 
chlorine atom in menthyl chloride seems less reactive than the chlorine atom in p-
chloromethylstyrene. Since tosylates generally are better leaving groups, menthyl tosylate was 
treated with the Grignard reagent prepared from p-chlorostyrene. A similar reaction was 
performed by Tong et al. who reacted benzylmagnesium chloride with n-propyl tosylate.[28] 
However, no reaction took place and both starting materials were recovered. The Grignard 
reagent of menthyl chloride did also not react with p-chloromethylstyrene; the starting 
materials were recovered (Scheme 1). 
 
Induction of Optical Activity in Homochiral Isotactic Polystyrenes 
67 
 
Scheme 1. Synthesis attempts concerning a menthyl substituted styrene. 
 
Since a menthyl substituted styrene could not be prepared by a Grignard reaction, a different 
approach was chosen (Figure 2). Starting from menthol, the lithium mentholate was prepared 
by reaction with n-butyllithium at low temperature. This was treated with p-
chloromethylstyrene to give the expected p-mentylmethylstyrene (Scheme 2). 
 
Figure 2. Target structure of styrene containing a menthoxy residue. 
The desired product was not obtained, even at elevated temperatures under reflux in THF for 
24 h, and only the starting materials were recovered. The use of other lithiated alcohols, such 
as 2,4-dicumyl substituted phenols and methylcyclohexan-1-ol, was also not successful. 
Apparently, the nucleophilicity of an alcoholate is not sufficiently high to substitute the 
chlorine atom from p-chloromethylstyrene. 
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Scheme 2. Proposed reaction of lithiated menthol with p-chloromethylstyrene. 
The substitution of para-halogenated styrenes against silicon derivatives has received much 
attention in the 1980s.[29-31] These silyl substituted styrenes have been polymerized 
anionically and in a radical fashion.[32-36] Recently, Duchêne et al. have simplified the 
monomer synthesis by reacting p-chloromethylstyrene in a one-pot reaction with 
trimethylsilyl chloride and magnesium to the substituted styrene.[37] Silyl substituted styrene 
derivatives were synthesized (Scheme 3). 
 
Scheme 3. Synthesis of trimethylsilyl substituted styrenes 1 and 2.[37] 
Since both reactions gave the desired products in moderate to high yield, a new synthetic 
route towards optically active styrene derivatives using silanes was investigated in this work.  
In analogy to Oestreich et al., (−)-menthol was reacted with n-buthyllithium at room 
temperature to the lithium alcoholate, which was then slowly added to a solution of one 
equivalent dichlorodimethylsilane in THF at room temperature.[38] The reaction product was 
purified by destillation under vacuum and chlorodimethylmenthylsilane was obtained in 75% 
yield. This functionalized silane was treated with the Grignard reagent p-
(chloromagnesiamethyl)styrene. After extracting the THF solution with water, the organic 
phases were collected and the solvent was evaporated in vacuo. 1H NMR spectroscopic 
analysis revealed the expected product, but it decomposed before it could be purified, 
probably due to remaining magnesium chloride in the crude reaction mixture (A, Scheme 4). 
This reaction pathway is not suitable.  
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Scheme 4. Synthesis of a menthyl substituted styrene derivative 4. 
Grignard reaction of p-chlorostyrene with dichlorodimethylsilane in THF gives the p-
chlorodimethylsilyl substituted styrene in moderate yield.[39] The reaction product was 
purified by vacuum distillation before it was treated with lithiated mentholate to finally give 
p-menthoxydimethylsilylstyrene as a colorless liquid (B, Scheme 4). Compared to menthol 
with an optical rotation value of [α]D23 = −39°, the menthoxy substituted styrene derivative 
shows only a slightly higher value of optical rotation of [α]D23 = −41.6°. 
Atactic and syndiotactic polymerization of this monomer should not change the value of 
optical rotation, while isotactic polymerization should drastically change this value due to 
main chain chirality. Prior to this investigation, the polymerization behavior of other non 
optically active silicon substituted styrene derivatives towards a titanium catalyst were tested.  
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B.2.2.2. Polymerization of Styrene Derivatives 
Polymerization of para-trimethylsilylstyrene (1). Figure 3 shows the 13C NMR spectra of 
atactic and isotactic poly(p-trimethylsilylstyrene). The atactic polymerization was carried out 
in toluene at 60 °C with azobisisobutyronitril (AIBN) as initiator. The isotactic polymer was 
only obtained in low yield with 7 (Figure 6) as catalyst system. An attempt to produce the 
syndiotactic polymer with [Sc(η5-C5Me4(SiMe3))(CH2SiMe3)2(THF)]/B(C6F5)3 was 
unsuccessful.[40, 41] 
 
Figure 3. 13C NMR spectra (CDCl3, 25 °C) of poly(p-trimethylsilylstyrene); A: isotactic 
polymer (Mn = 10,090, PD = 1.43); B: atactic polymer (Mn = 9220 g/mol, PD = 1.31). 
The tacticity could be assigned by the resonances of the ipso carbon atom in the 13C NMR 
spectra and by the signals of the polymer backbone (see chapter B.1.2.5.). Compared to the 
isotactic polymer, the atactic poly(p-trimethylsilylstyrene) gives a broad signal for the 
backbone signal a as well as a high field shift for the ipso carbon atom signal c from 146.94 to 
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146.09 ppm. The trimethylsilyl group shows a single resonance for both tacticities at − 0.9 
ppm. 
Polymerization of para-trimethylsilylmethylstyrene (2). Like p-trimethylsilylstyrene, p-
trimethylsilylmethylstyrene was polymerized in an atactic fashion by activation with AIBN. 
Figure 4 shows the 13C NMR spectrum of the atactic product. As expected, the signals for the 
carbon atoms of the backbone and the signal from the ipso carbon atom are broad (a-c).  
The catalytic polymerization of this monomer was complicated by the cocatalyst that can 
initiate the reaction itself. Employed were MAO, [PhNMe2NH][B(C6F5)4] and B(C6F5)3. In all 
cases, an atactic polymer was obtained. 
 
Figure 4. 13C NMR spectrum (CDCl3, 25 °C) of atactic poly(p-
trimethylsilylmethylstyrene). 
Since cocatalysts are essential to activate dichloro or dialkyl precatalysts, a catalytic 
polymerization to a stereoregular product was impossible. It is remarkable that p-
trimethylsilylstyrene gives an isospecific polymer. 
 
Polymerization of (− )-para-menthoxydimethylsilylstyrene (4). With AIBN as initiator, 
atactic polymers were obtained after the reaction mixture was quenched. The colorless 
polymer is highly soluble in common organic solvents. The optical rotation value of the 
polymer in chloroform solution is [α]D23 = −38.8°, what is in the same range as the value for 
the monomer ([α]D23 = −41.6°). Since atactic polystyrene or derivatives do not form a chiral 
helical structure in solution, this result is not surprising. 
Syndiotactic polymerization was carried out with a scandium half-sandwich dialkyl 
complex, [Sc(η5-C5Me4(SiMe3))(CH2SiMe3)2(THF)], using a B(C6F5)3 as cocatalyst.[41] After 
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2 h, the polymer was received as a colorless solid in high yield (87%). The syndiotactic 
polymer is insoluble in organic solvents such as THF, Et2O, acetone, CHCl3, EtOAc, CH2Cl2, 
pentane, and toluene. Therefore no determination of the number average molecular weight 
and molecular weight distribution by GPC analysis and no optical rotation measurements 
could be performed. The 1H and 13C NMR spectroscopic characterization was performed by 
analyzing the swollen polymer in deuterated tetrachloroethane. The signals are broad due to 
the insolubility, but clearly prove the syndiotacticity (Figure 5). 
 
Figure 5. 13C NMR spectra of syndiotactic poly((−)-menthyldimethylsilylstyrene) (A, 
C2D2Cl4, 25 °C) and of the corresponding atactic polymer (B, CDCl3, 25 °C). 
The atactic polymer shows a very broad signal for the backbone signal a as well as a high 
field shift for the ipso carbon signal c from δ = 146.64 (ipso resonance of the syndiotactic 
polymer) to 146.09 ppm. Isotactic polymerization was attempted by catalysts 5-8 (Figure 6).  
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Figure 6.  Catalysts 5-8 employed for the attempted isospecific polymerization of (−)-p-
menthoxydimethylsilylstyrene. 
However, even after activation of the catalysts with B(C6F5)3 no polymer was formed. This 
may be explained by an interaction of the metal center with the Si-O bond. It is known that 
silyl ethers can poison zirconocene-derived polymerization catalysts.[42] 
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B.2.3. Concluding Remarks 
Styrene with a para-silyl-(−)-menthoxy residue was synthesized as optically active 
monomer and polymerized in atactic and syndiotactic fashion. As expected, the atactic 
polymers exhibit optical rotation values like those of the monomer, indicating a non-helical 
conformation. The syndiotactic polymer is insoluble in common organic solvents, precluding 
measurements of the optical rotation. The product could be characterized by 1H and 13C NMR 
spectroscopy using the swollen polymer. The desired isotactic polymer could not be 
synthesized by transition metal catalysis, probably due to interactions of the para-silyl-(−)-
menthoxy substituent with the metal center of the isospecific catalyst. 
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B.2.4. Experimental Section 
p-Trimethylsilylstyrene (1).[37] To a dispersion of Mg (0.6 g, 25 mmol) in THF (20 mL), 
1.6 mL of p-bromostyrene (12.5 mmol) and 1.6 mL of TMS-Cl (12.5 mmol) were added at 
room temperature. The resulting mixture was exposed to ultrasound for 2 h. After completion, 
50 mL of brine were added and the solution was extracted three times with Et2O (50 mL). The 
organic layers were combined, dried over Na2SO4 and the solvent was evaporated in vacuo. 
The resulting colourless oil was dried over CaH2 and destilled prior to use. Yield: 1.67 g (9.5 
mmol, 76%). 1H NMR (CDCl3): δ 0.27 (s, 9H, Si-CH3), 5.23 (d, 1 H, vinyl, 3JHH = 10.74 Hz), 
5.74 (d, 1 H, vinyl, 3JHH =17.58 Hz), 6.65 (dd, 1 H, vinyl, 3JHH = 10.74 Hz), 7.38-7.52 ppm 
(m, 4 H, CaromH). 13C NMR (CDCl3): δ -1.08, 114.03, 125.45, 133.49, 136.80, 137.88, 140.07 
ppm. 
 
p-(Trimethylsilylmethyl)styrene (2).[37] To a dispersion of Mg (0.6 g, 25 mmol) in THF 
(20 mL), 1.6 mL of p-chloromethylstyrene (12.5 mmol) and 1.7 mL of TMS-Cl (12.5 mmol) 
were added at room temperature. The resulting mixture was exposed to ultrasound for 2 h. 
After completion, 50 mL of brine were added and the solution was extracted three times with 
Et2O (50 mL). The organic layers were combined, dried over Na2SO4 and the solvent was 
evaporated in vacuo. The resulting colourless oil was dried over CaH2 and destilled prior to 
use (0.2 mbar, 37°C). Yield: 2.30 g (12 mmol, 97%). 1H NMR (CDCl3): δ 0.04 (s, 9 H, Si-
CH3), 2.11 (s, 2 H, -CH2-), 5.17 (d, 1 H, vinyl, 3JHH = 10.79 Hz), 5.69 (d, 1 H, vinyl, 3JHH = 
17.57 Hz), 6.68 (dd, 1 H, vinyl, 3JHH = 10.79 Hz), 6.99 (d, 2 H, CaromH, 3JHH = 7.53 Hz), 7.30 
ppm (d, 2 H, CaromH, 3JHH =7.03 Hz). 13C NMR (CDCl3): δ −1.93, 26.96, 111.95, 126.06, 
128.13, 133.39, 136.82, 140.40 ppm. 
 
p-(Chlorodimethylsilyl)styrene (3).[39] A 100 mL three necked flask was equipped with a 
dropping funnel and a reflux condenser. After evacuation and flooding with argon, 1.22 g of 
Mg (54 mmol) were added. Possible traces of water at the magnesium surface were 
evaporated by heating. After cooling to room temperature, 10 mL of THF were added. The 
dropping funnel was filled with 40 mL of THF containing 5 g of p-bromostyrene (3.6 ml, 27 
mmol). After heating to 70 °C, the p-bromostyrene solution was added over a period of 2 h 
and the solution was kept at this temperature for one additional hour. The resulting greenish 
solution was filtered and added slowly to an ice cooled solution of dichlorodimethylsilane in 
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THF (6.96g, 54 mmol in 20 ml of THF). After 1 h at room temperature, the solvent was 
removed in vacuo and the residue was destilled to give a colorless oil. Yield: 1.89g (9.6 
mmol, 36%); 1H NMR (CDCl3): δ 0.69 (s, 6 H, Si-CH3), 5.29 (d, 1 H, vinyl, 3JHH = 10.99 Hz), 
5.78 (d, 1 H, vinyl, 3JHH = 17.58 Hz), 6.67 (q, 1 H, vinyl, 3JHH = 10.99 Hz), 7.43 (d, 2 H, 
arom, 3JHH = 8.06 Hz), 7.59 ppm (d, 2 H, arom, 3JHH = 8.06 Hz). 13C NMR (CDCl3): δ 2.10, 
115.13, 125.84, 133.38, 135.63, 136.51, 139.47 ppm.  
 
p-(Menthoxydimethylsilyl)styrene (4). To a solution of (−)-menthol in THF (28.1 mmol, 
4.4 g in 30 mL of THF), 11.25 mL of nBuLi (28.1 mmol, 2.5 M solution in hexane) were 
slowly added at room temperature. In a second Schlenk flask, p-chlorodimethylsilylstyrene 
and 20 mL of THF were submitted, to which the mentholate solution was slowly added. After 
refluxing for 4 h, the solution was allowed to cool to room temperature and stirred overnight. 
The resulting red solution was extracted with water and diethylether. After drying over 
Na2SO4 the solvent was evaporated in vacuo. The colorless oil was purified by column 
chromatography (pentane/CH2Cl2=95/5). Yield: 6.25 g (20 mmol, 89%); [α]D23 = −41.6° (35 
mg•ml-1 CHCl3); Anal. Calcd. for C20H31SiO (316.55): C:75,88, H:10.19. Found: C:75.61, 
H:10.08. 1H NMR (CDCl3): δ 0.39 (s, 6 H, Si-CH3), 0.61 (d, 3 H, 3JHH = 6.84 Hz), 0.88 (m, 9 
H), 1.0-1.33 (m, 4 H), 1.55-1.63 (m, 2 H), 1.78-1.88 (m, 1 H), 2.19 (m, 1 H), 3.41 (m, 1 H), 
5.24 (d, 1 H, vinyl, 3JHH = 10.99 Hz), 5.75 (d, 1 H, vinyl, 3JHH = 17.82 Hz), 6.66 (dd, 1 H, 
vinyl, 3JHH = 10.74 Hz), 7.39 (d, 2 H, arom, 3JHH = 8.06 Hz), 7.54 ppm (d, 2 H, arom, 3JHH = 
8.06 Hz). 13C NMR (CDCl3): δ −0.59, 15.81, 21.31, 22.32, 22.84, 25.22, 31.66, 34.52, 45.35, 
50.07, 72.83, 114.16, 125.42, 133.72, 136.80, 138.11, 138.36 ppm.  
 
General procedure of atactic polymerization. An AIBN solution (20 mg in 3 mL of 
toluene) was heated to 60 °C. 5 mmol of the appropriate monomer were added and the 
solution was kept at this temperature for 2 h. The polymer was then precipitated into acidified 
methanol, filtered and washed twice with methanol. 
 
General procedure of syndiotactic polymerizatione. To a solution containing 5 mmol of 
the monomer, 4 mL of toluene, 1 mL of Al(oct)3, 0.15 mL of a borane solution (15 μmol, 51 
mg B(C6F5)3 in 5 mL of toluene), and 0.1 mL of a catalyst solution ([Sc(η5-
C5Me4(SiMe3))(CH2SiMe3)2(THF)], 15 μmol, 51 mg in 5 mL of toluene) were added. After 2 
Induction of Optical Activity in Homochiral Isotactic Polystyrenes 
77 
 
h at room temperature the reaction was quenched with 0.5 mL of isopropanol and the solution 
was poured into acidified methanol. 
 
General procedure of isotactic polymerization with 7/B(C6F5)3. To a solution containing 
5 mmol of the monomer, 3 mL of toluene, 0.37 ml of a borane solution (7.5 μmol, 51 mg 
B(C6F5)3 in 5 mL of toluene), and 0.75 mL of catalyst solution (7, 7.5 μmol, 58 mg in 10 mL 
of toluene) were added. After 2 h at room temperature, the reaction was quenched with 0.5 
mL of isopropanol and the solution was poured into acidified methanol. The precipitated 
polymer was filtered and washed twice with methanol. 
 
Catalysts 5, 6, 7, and 8 were kindly provided by B. Lian and J. Hitzbleck. 
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B.3. Observation of Main Chain Chirality in Substituted iPS †
Abstract: 
 
Cryptochirality renders isotactic poly(α-olefin)s optically inactive.[1-6] By controlling the 
molecular weight of the polymers using a chain transfer methodology,[7, 8] cryptochirality can 
be avoided, resulting in optically active homochiral polymers and therefore in potentially 
interesting materials.[9, 10] 
 
 
In this chapter, the synthesis of a new styrene derivative and the corresponding isotactic 
polymer with controlled molecular weight distribution is described. Upon activation with 
MAO, the homochiral titanium catalyst 2 with an (OSSO)-type ligand [11, 12] polymerizes p-
2,2’-diphenylethylstyrene in an isospecific fashion. The polymer (Mn = 120,000, Mw/Mn = 
1.4) does not show any optical activity. Controlled reduction of the molecular weight by 
performing the polymerization in the presence of diethylzinc gives oligomers that show 
optical rotation. Below a threshold of Mn = 50,000 (corresponding to ca. 175 monomer 
units) specific rotation values [α]D
23 of ±0.2 to 2.2° were measured. 
                                                 
†Published parts of this chapter: C.Hohberger, K. Beckerle, J. Okuda, Polymer Chemistry, 2010, accepted. 
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B.3.1. Introduction 
Optically active polymeric materials that consist exclusively of hydrocarbons are not easily 
accessible.[1-5] Their inertness should allow for their use as auxiliaries in asymmetric 
reactions,[6] provide chiral reaction space, or serve as stationary phase in chiral 
chromatography.[9, 10] An easily accessible polymer with many potential applications is 
polystyrene. The isotactic modification crystallizes with a helical secondary structure that is 
chiral. However, the formation of this secondary structure requires a long induction time.[13-19] 
Due to cryptochirality, high molecular weight homochiral isotactic poly(α-olefins) with 
optical activity have not yet been reported.[7, 8] Needed are suitable chain transfer agents to 
achieve a controlled reduction of molecular weight. Okuda et al. have recently shown that the 
molecular weight of isotactic polystyrene can be controlled with 1-hexene as a chain transfer 
agent during catalytic polymerization, resulting in optically active materials.[11, 12, 20, 21] An 
alternative method involves diethylzinc as a chain transfer agent. Whereas the formation of 
oligoethylene[22-27] as well as of oligopropylene[28-34] has been intensively investigated, only 
few reports deal with the molecular weight control of polystyrene with diethylzinc.[35-39] 
Diethylzinc offers advantages over 1-hexene as chain transfer agent, because the oligomer 
chain ends can directly be transformed by quenching with electrophiles to terminally 
functionalized polystyrene.[28-34] 
To improve the crystallization behavior of polystyrene, a styrene derivative has been 
synthesized which contains a 2,2’-diphenylethyl group in para position of the aromatic ring. 
When polymerized in an isospecific fashion, the additional phenyl groups should enforce the 
formation of a stable helical structure due to the π-π stacking of the substituents. A 
homochiral catalyst should lead to a secondary helical structure with optical activity. 
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B.3.2. Results and Discussion 
B.3.2.1. Synthesis and Polymerization of p-(2,2’-Diphenylethyl)styrene 
The functionalized styrene monomer p-(2,2’-diphenylethyl)styrene (DPES) 1 was prepared 
from diphenylmethane (DPM) that in a first step was lithiated with n-butyllithium (LinBu). 
Addition to a solution of p-vinylbenzylchloride (pVBC) led to nucleophilic substitution of the 
chlorine atom and 1 was isolated in good yield as colorless needles (Scheme 1). 
 
Scheme 1.  Synthesis of p-diphenylethylstyrene (1). Reagents and conditions: (a) 
LinBu, toluene, THF, −70 °C to +70 °C; (b) pVBC, −70 °C to +25 °C. 
The aromatic groups in DPES lead to fluorescence emission in solution (0.1 mM, CH2Cl2) 
as well as in the solid state. Both spectra are nearly identical. Excitation of the monomer at 
277 nm reveals a fluorescence emission at λ = 313 nm, that also is observed in the typical 
excimer fluorescence spectrum of styrene,[40-43] but additionally shows the fluorescence 
emission of the diphenylmethane fragment[44] (λ = 625 nm) (Figure 1). 
 
Figure 1. Fluorescence emission spectra of p-(2,2’-diphenylethyl)styrene (dashed line) 
and the corresponding isotactic polymer (solid line), (both in 0.1 mM CH2Cl2).  
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The resulting fluorescence gap between 400 and 600 nm that results from this combination 
may be interesting for application in optical materials.  
 
Figure 2.  Racemic and chiral isospecific bis(phenolato) titanium catalysts containing an 
(OSSO)-type ligand. 
DPES was polymerized in atactic, syndiotactic, as well as isotactic fashion and the tacticity 
of the resulting polymers was analyzed by 13C NMR spectroscopy (Figure 3). For all three 
possible stereoisomers, the ipso carbon atom of the aromatic ring leads to a characteristic 
chemical shift. Table 1 summarizes the polymerization results including the chemical shift 
values of the ipso carbon atom as well as Tg, Tm, and Tdec. No side resonances of the ipso 
carbon atom signal reveal a high tacticity of the isotactic polymer and the absence of any 
detectable stereoerrors. 
Table 1. Characteristics of DPES polymers. 
Tacticity δipso[a] Tg[b] Tm[b] Tdec[b] 
Atactic[c] 141.20-144.08 89 / > 350 
Syndiotactic[d] 142.18 99 / > 350 
Isotactic[e] 144.10 86 / > 350 
[a] Chemical shift of the ipso carbon atom in ppm (measured in CDCl3 at 25 °C). [b] in °C. [c] Initiated by AIBN, 
T = 60 °C, t = 2 h. [d] Catalyst system: [TiCp*Cl3] / MAO, T = 60 °C, t = 3 h.[e] Catalyst system: rac-2 / MAO, T = 
40 °C, t = 3 h. 
The isospecific polymerization of DPES was performed in toluene at 40 °C using the 
catalyst dichloro{trans-1,2-dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenolato)}-
titanium rac-2 (Scheme 2) activated with MAO. After 3 h, a highly isotactic polymer with a 
number average molecular weight Mn of 120,000 g/mol and a narrow molecular weight 
distribution (Mw/Mn = 1.6) was obtained. The polymer was isolated as a white solid and it is 
soluble in common organic solvents including THF, toluene, chloroform, and 1,2-
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dichloroethane. The polymer shows high thermal stability (Tdec > 350 °C). The fluorescence 
properties and emission wavelength are as in the monomer. 
 
Scheme 2.  Isospecific polymerization of DPES with rac-2. 
 
Figure 3.  13C NMR spectra of atactic (a), syndiotactic (b), and isotactic (c) poly(DPES) 
(25 °C, CDCl3). The arrow indicates the ipso carbon atom and the related signal. 
Polymerizations with the enantiopure catalyst precursors 2a and 2b (Figure 2) led to the 
homochiral isotactic polymers which are optically inactive. 
B.3.2.2. Crosslinking of Isotactic p-(2,2’-Diphenylethyl)styrene 
To obtain crosslinked materials, poly(DPES) was alkylated with 1,4-dichloromethyl-2,5-
dimethylbenzene as crosslinking agent, using the conditions of a typical Friedel-Crafts 
reaction. The polymer was dissolved in nitrobenzene, suspended in silicone oil and zinc 
chloride as Lewis acid catalyst was added. Without additional silicon oil, the reaction mixture 
solidified after 0.5 h and no further homogeneity could be retained. The reaction mixture was 
heated for 7 h at 60 °C. Washing with an acetone/water mixture and subsequently with hexane 
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left a crosslinked material. Since these polymers are no longer soluble, the NMR spectra were 
recorded from the swollen material in CDCl3. The signals are broad. Figure 4 shows the 1H 
NMR spectra of the polymers that are crosslinked to various degrees. The broadening of the 
signals is less enhanced for a higher degree of crosslinking.  
 
Figure 4.  1H NMR spectra of poly(DPES)s with a different degree of crosslinking (25 
°C, CDCl3). 
The crosslinked materials were analyzed by light microcopy. As can be seen from Figure 5, 
the particles with a high degree of crosslinking are considerably smaller and are not as 
aggregated as particles with lower degree of crosslinking. An explanation could be the lower 
capability of swelling in toluene. 
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Figure 5. Light microscopic images of swollen poly(DPES) particles in toluene with 
different crosslinking degrees. A: 0.5%, B: 1%, C: 2% crosslinked. 
B.3.2.3. Oligomerization Using 1-Hexene 
A series of oligomers with different molecular weight distributions were synthesized by 
variation of the 1-hexene to DPES ratio. A higher 1-hexene / DPES ratio of 2 decreased Mn 
from 120,000 g/mol to 2300 g/mol, corresponding to eight monomer units. The oligomer 
consists of an isotactic oligo(DPES) unit that is terminated by a regio- and stereoirregular 
oligo(1-hexene) tail (one to five 1-hexene units). This irregular oligo(1-hexene) tail is 
optically inactive.[11, 12]  
Chiral oligo(DPES)s were obtained with the enantiomerically pure resolved precatalysts 2a 
or 2b. The oligomerization with the catalyst (−)-(Λ,R,R)-2a led to a product with a negative 
Observation of Main Chain Chirality in Substituted iPS 
87 
 
sign in optical rotation. Table 2 summarizes the oligomerization results together with the 1-
olefin ratio, yield, Mn and optical rotation. 
Table 2. Isotactic oligo(DPES)s prepared with the MAO-activated optically active 
titanium dichloro complex (−)-(Λ,R,R)-2a and 1-hexene. 
Run[a] 
1-Hexene / 
DPES 
Yield[b] Mn[c] Mw/Mn[c] Units [α]D23 [d] [Φ]D23 
1 0.10 49 9400 1.90 33 –0.86 –14 
2 0.50 
 
58 5220 1.68 18 –0.97 –9 
3 1.00 28 3640 1.53 13 –1.13 –7 
4 2.00 26 2300 1.35 8 –2.33 –9 
[a] Reaction time: 24 h [b] in (%). [c] Determined by GPC using polystyrene standard [d] c = 0.06 g/mL in 
CH2Cl2.   
As shown in Table 2 and in agreement with previous results,[11, 12] the catalyst (–)-(Λ,R,R)-
2a exclusively gives oligomers with the same sign of optical rotation, corroborating that 
enantiomorphic site control is operative. The reaction is suited to synthesize a chiral material 
with a desired sign and degree of optical rotation. 
B.3.2.4. Oligomerization Using Diethylzinc 
Compared to the chain transfer with α-olefins, diethylzinc allows functionalization of the 
oligomers by post-polymerization reactions. The zinc-capped polymer chains can undergo 
further reactions with electrophiles. 
 
Scheme 3.  Oligomerization of DPES with diethylzinc. 
The number average molecular weight of poly(DPES) could be controlled by the ratio of 
diethylzinc to [Ti]-catalyst 2 (Table 3). The monomer units in the polymer were reduced from 
200 to 20 in a controlled fashion by increasing the diethylzinc/2 ratio from ca. 150 to ca. 
2500.  
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Table 3. Isotactic oligo(DPES) prepared with MAO-activated optically active titanium 
dichloro complexes (–)-(Λ,R,R)-2a and (+)-(Δ,S,S)-2b and ZnEt2 as CTA. 
Run 
[a] 
ZnEt2 / 
[Ti] 
Complex[b] Yield[c] Mn[d] Mw/Mn[d] [α]D23 [e] [Φ]D23 
0 / rac-2a 62 120,00
 
1.37 / / 
1 143 (–)-(R,R)-2a 61 58,140 1.79 0.00 0.00 
2 215 (–)-(R,R)-2a 60 49,910 1.53 +0.20 +17 
3 287 (–)-(R,R)-2a 55 45,380 1.76 +0.16 +13 
4 520 (–)-(R,R)-2a 39 28,830 1.70 +0.34 +17 
5 520 (+)-(S,S)-2b 23 29,310 1.55 –0.49 –26 
6 780 (–)-(R,R)-2a 19 15,560 1.70 +0.79 +22 
7 1040 (–)-(R,R)-2a 14 11,150 1.61 +1.30 +25 
8 1040 (+)-(S,S)-2b 17 15,540 1.53 –1.27 –34 
9 1443 (–)-(R,R)-2a 14 8380 1.60 +1.22 +18 
10 1793 (–)-(R,R)-2a 29 8950 1.68 +1.64 +26 
11 2160 (–)-(R,R)-2a 16 5770 1.91 +1.67 +17 
12 2160 (+)-(S,S)-2b 7 4030 2.20 –2.27 –16 
13 2519 (–)-(R,R)-2a 13 5790 1.65 +2.17 +22 
[a] Reaction time for run 1-8: 24 h, for run 9-13: 40 h. [b] Activated by 1400 eq. MAO. [c] in (%). [d] Determined 
by GPC using polystyrene standard. [e] c = 0.06 g/mL in CH2Cl2.  
An increased ratio of diethylzinc to the [Ti]-catalyst decreased the yield. This is probably 
due to a coordination of the zinc alkyl to the free coordination site at the titanium center that 
inhibits DPES coordination and thereby prevents further monomer insertion into the growing 
polymer chain. An increased reaction time did not dramatically improve the yield. To prove 
the action of diethylzinc as chain transfer agent, the catalyst efficiency in these 
oligomerization reactions was calculated (the catalyst efficiency is defined here as the ratio 
between the theoretical and observed number average molecular weight). Without an 
additional chain transfer agent, the catalyst efficiency is 2, i.e. each catalyst center produces 
two polymer chains. Diethylzinc in the oligomerization reaction leads to a higher catalyst 
efficiency. Higher concentrations of this chain transfer agent led to a catalyst efficiency of ca. 
10 (Figure 6).  
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Figure 6. Catalyst efficiency as a function of the diethylzinc to titanium catalyst ratio 
(catalyst efficiency = MWtheor. / MWobs., MWtheor.= MWmonomer conversion (nmonomer/ncatalyst)). 
To obtain optically active materials, a series of oligomers was synthesized using both 
enantiomers of the catalyst, 2a and 2b, in toluene. The dependence of the specific optical 
rotation values on the number average molecular weight is depicted in Figure 7. Above Mn = 
50,000 (Table 3, Run 2), no optical activity could be detected, but below this threshold 
specific rotation values [α]D
23 of ±0.2 to 2.2° could be measured reproducibly.  
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Figure 7. Dependence of the specific rotation [α]D23 (▲) and molar rotation [Φ]D23 (o) as 
a function of the number average molecular weight of isotactic poly(DPES) terminated by 
diethylzinc. 
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In contrast to the chain termination using 1-hexene, each enantiomeric titanium catalyst 
produced exclusively oligomers with the opposite sign in optical rotation (Figure 7, Table 3).  
The molecular weights of the oligo(DPES)s were determined by GPC measurements 
against polystyrene standards. In solution, poly(DPES)s and oligo(DPES)s behave similar, but 
differently from polystyrenes. The results obtained by GPC were verified by MALDI-TOF 
measurements. Figure 8 shows the result obtained by MALDI-TOF. It indicates a slightly 
lower number average molecular weight of 3317 g/mol compared to the GPC result of 4641 
g/mol (Figure 9). The MALDI-TOF spectrum also shows side peaks that are most probably 
due to products of chain termination by β-hydride elimination (m/z difference of 29 g/mol). 
 
Figure 8.  Determination of the number average molecular weight by MALDI-TOF 
measurement (Maverage = 3317 g/mol). 
Observation of Main Chain Chirality in Substituted iPS 
91 
 
 
Figure 9.  Number average molecular weight as obtained by GPC measurement against 
polystyrene standards (Maverage = 4641 g/mol, Mw/Mn = 1.61). 
The thermal behavior of oligostyrenes is of potential interest for applications in materials. 
Since isotactic polystyrene crystallizes only after a long induction period, the reduction of the 
number average molecular weight and the introduction of bulky side groups may lead to a 
faster crystallization. In 2,2’-diphenylethylstyrene, the 2,2’-diphenylethyl substituent should 
accelerate a helix formation. To determine the thermal behaviour, the glass and melting 
transitions were analyzed by Differential Scanning Calorimetry (DSC). A standard DSC 
measurement consists of two heating and cooling cycles. Usually, the first heating curve still 
shows solvent residues or water that is removed in this step (the so-called thermal history). 
The second heating curve can then be analyzed with respect of the glass and melting 
transitions. Previously synthesized oligostyrenes that were obtained by chain transfer reaction 
with 1-hexene did not show any melting transition in the second heating curve. It is most 
likely that the oligo(1-hexene) tail of those oligostyrenes inhibits the crystallization.  
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Figure 10. Thermal behavior of oligostyrene (Mn = 11,019 g/mol) produced by chain 
transfer reaction with diethylzinc. 
Figure 10 shows the thermal behavior of a diethylzinc terminated oligostyrene. The 
oligomer exhibits a melting transition in the second heating curve at about 222 °C with a 
crystallinity of ca. 24%. This melting transition is reversible, since even the fourth heating 
curve shows a melting transition. This fourth heating curve was measured after keeping the 
sample at room temperature for 5 h. After this induction time, the oligmer exhibited a 
crystallinity of ca. 40%. In conclusion, compared to the 1-hexene terminated oligostyrenes, 
the diethylzinc terminated products exhibit a much higher tendency to crystallize and even 
show crystallization after four heating/cooling cycles.  
The homochiral oligomers might crystallize even better than their racemic equivalents. The 
experimentally determined crystallization behavior of the homochiral oligomers was 
compared with the racemic oligostyrenes.  
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Figure 11. DSC measurement of homochiral vs. racemic oligostyrenes prepared with 
diethylzinc. 
As shown from the results of the DSC measurements in Figure 11, the second heating curves 
of the homochiral, racemic and mixed homochiral oligomers are not significantly different. 
All oligomers show approximately the same melting transition temperature and degree of 
crystallinity. Homochirality does not seem to affect the thermal behavior of these 
oligostyrenes. 
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B.3.3. Concluding Remarks 
Isotactic oligo(p-(2,2’-diphenylethyl)styrene (DPES) was prepared and shown to be 
optically active. It was polymerized in atactic, syndiotactic and isotactic fashion. The isotactic 
polymerization with a homochiral catalyst led to a chiral polymer that is optically inactive. 
Crosslinked materials with variable degree of crosslinking were prepared by Friedel-Crafts-
alkylation. These products could be analyzed by light microscopy and the particle sizes were 
analyzed. 
An optically active polymer was obtained by controlled reduction of the molecular weight 
using two different chain transfer agents during isospecific polymerization. The presence of 1-
hexene led to oligomers which showed the same sign in optical activity as the employed 
homochiral catalyst. Diethylzinc is an especially effective chain transfer agent for styrene and 
the styrene derivative DPES. The molecular weight of poly(DPES) was controlled by an 
increased diethylzinc to [Ti]-catalyst ratio. Oligo(DPES)s that are made up from only 20 
monomer units were obtained. Their optical rotation shows an opposite sign as the homochiral 
catalyst that was employed in the reaction.  
The thermal behavior of oligostyrenes produced with diethylzinc as chain transfer agent was 
analyzed. DSC measurements show melting transitions even after several heating/cooling 
cycles. This is not the case for the oligomers that were obtained with 1-hexene. 
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B.3.4. Experimental Section 
Synthesis of p-(2,2’-Diphenylethyl)styrene (1). To a solution of 10 mL of THF and 100 
mL of toluene, 5.9 g diphenylmethane (35 mmol) were added. After cooling to −80 °C, 14 mL 
of LinBu (2.5 M in hexane, 35 mmol) were slowly added. The reaction mixture was kept at 
this temperature for 10 min. After warming to room temperature the solution was refluxed for 
1 h, cooled to –70 °C and 5.5 mL of p-vinylbenzyl chloride (35 mmol) were added. The 
solution was allowed to warm to room temperature and was kept stirring for additional 2 h. 50 
mL of brine were added and the reaction mixture was extracted with diethyl ether and water. 
The organic phases were collected, dried over Na2SO4 and the solvent was evaporated in 
vacuo. The yellowish solid was recrystallized twice from methanol (–30 °C) to give colorless 
needles (5.26 g, 18.5 mmol, 52 %). 1H NMR (400 MHz, CDCl3): δ = 3.07 (d, 2 H, -CH2-, 
3JHH = 7.57 Hz), 3.92 (t, 1 H, 3JHH = 7.81 Hz), 4.87 (d, 1 H, vinyl, 3JHH = 10.74 Hz), 5.35 (d, 1 
H, vinyl, 3JHH = 17.58 Hz), 6.30 (dd, 1 H, vinyl, 3JHH = 10.99 Hz), 6.67 (d, 2 H, arom, 3JHH = 
8.06 Hz), 6.85-7.02 ppm (m, 12 H, arom). 13C NMR (400 MHz, CDCl3): δ = 41.85, 53.01, 
112.89, 125.88, 126.12, 127.95, 128.27, 129.13, 135.13, 136.57, 139.92, 144.28 ppm. Anal. 
Calcd for C22H20: C, 92.91; H, 7.09. Found: C, 92.43; H, 7.08. 
 
Isotactic polymerization of 1. A Schlenk tube was charged with toluene (calculated for a 
total volume of 7 mL), 1.2 mL of a MAO solution in toluene (10 wt-%) and 0.51 g of p-(2,2’-
diphenylethyl)styrene (1.8 mmol). This mixture was stirred for 20 min. at 40 °C, followed by 
the addition of 0.5 mL of a 0.25 µM stock solution of the titanium complex rac-2 (17 mg (25 
μmol) in 10 mL of toluene). The reaction mixture was stirred at 40 °C for 3 h, quenched by 
the addition of 0.5 mL of isopropanol and the polymer was precipitated from 100 mL of 
acidified methanol. The polymer was dissolved in chloroform and precipitated again from 
acidified methanol. After repeating this procedure twice, the colorless oligomer was dried in 
vacuo overnight. Mn = 120.000, Mw/Mn = 1.37.  
 
Atactic polymerization of 1. A Schlenk tube was charged with 0.5 g of p-(2,2’-
diphenylethyl)styrene (1.8 mmol) and 10 mL toluene. After addition of 20 mg 2,2′ -azobis(2-
methylpropionitrile) (AIBN, 0.12 mmol), the reaction mixture was heated at 60 °C for 2 h, 
then cooled to room temperature and the polymer was precipitated from 100 mL of acidified 
methanol. The polymer was dissolved in chloroform and precipitated again from acidified 
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methanol. After repeating this procedure twice, the polymer was dried in vacuo overnight. Mn 
= 6590, Mw/Mn = 1.79. 
 
Syndiotactic polymerization of 1. A Schlenk tube was charged with toluene (calculated 
for a total volume of 7 mL), 1.2 mL of a MAO solution in toluene (10 wt-%), and 0.51 g of p-
(2,2’-diphenylethyl)styrene (1.8 mmol). This mixture was stirred for 20 min. at 60 °C, 
followed by the addition of 1 mL of a 3.8 μM stock solution of [TiCp*Cl3] (5 mg (19 μmol) in 
5 mL of toluene). The reaction mixture was stirred at 60 °C for 3 h, quenched by adding 0.5 
mL of isopropanol and the polymer was precipitated from 100 mL of acidified methanol. The 
product was dissolved in chloroform and precipitated again from acidified methanol. After 
repeating this procedure twice, the polymer was dried in vacuo overnight. Mn = 40,547, 
Mw/Mn = 1.31. 
 
Oligomerization of 1 using ZnEt2. A Schlenk tube was charged with toluene (calculated 
for a total volume of 15 mL) and 0.5 g of p-(2,2’-diphenylethyl)styrene (1.8 mmol). 1.2 mL of 
a MAO solution (10 wt-% in toluene) and the appropriate amount of diethylzinc were added. 
After 20 min. at 40 °C, the reaction was activated by adding 0.5 mL of a catalyst solution (2, 
18 mg in 10 mL toluene, 1.33 μmol). The resulting reaction mixture was kept stirring at 40 °C 
and was quenched after the appropriate time by adding 0.5 mL of isopropanol. The obtained 
solution was poured into acidified methanol in order to precipitate the oligomer. The resulting 
colorless solid was dissolved in CHCl3 and precipitated in acidified methanol. The oligomer 
was redissolved in CHCl3, filtered through silica and precipitated into acidified methanol. 
After filtration and washing with methanol it was dried overnight in vacuo.  
 
Oligomerization of 1 using 1-hexene. A Schlenk tube was charged with toluene 
(calculated for a total volume of 15 mL), 0.5 g of p-(2,2’-diphenylethyl)styrene (1.8 mmol), 
and the appropriate amount of 1-hexene. After stirring for 5 min, 1.2 mL of a MAO solution 
(10 wt-% in toluene) were added. After 20 min. at 40 °C, the reaction was activated by adding 
0.5 mL of a catalyst solution (2, 18 mg in 10 mL toluene, 1.33 μmol). The resulting reaction 
mixture was kept stirring at 40 °C and was quenched after the appropriate time by adding 0.5 
mL of isopropanol. The obtained solution was poured into acidified methanol in order to 
precipitate the oligomer. The resulting colorless solid was dissolved in CHCl3 and precipitated 
in acidified methanol. The oligomer was redissolved in CHCl3, filtered through silica and 
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precipitated into acidified methanol. After filtration and washing with methanol it was dried 
overnight in vacuo.  
 
Crosslinking of isotactic poly(DPES). A 25 mL Schlenk tube was charged with 150 mg 
poly(DPES), the appropriate amount of 1,4-dichloro-2,5-dimethylbenzene (0.5-2 mol%), 1.05 
mL nitrobenzene and 3 mL of silicone oil. The reaction was started through the addition of 
zinc chloride (10 eq. regarding the crosslinking agent). After 7 h at 60 °C, the crosslinked 
polymer was washed with an acetone/water mixture (1/1) and subsequently with hexane. The 
polymer was dried in vacuo overnight. 
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B.4. End-Functionalization of Isotactic Polystyrene 
Abstract: 
 
Zinc-capped oligostyrenes were transformed with bromine or iodine into halogen-
terminated oligomers. The high reactivity of the zinc carbon bond caused side reactions and 
incomplete conversions were observed. 
 
A maximum degree of ca. 50% for bromination and of ca. 20% for iodination was obtained. 
The bromo-terminated oligomers served as macro-initiators in atom transfer radical 
polymerization (ATRP).[1, 2] iPS-block-PAA copolymers could be obtained. 1-hexene 
terminated oligostyrenes that are accessible from chain transfer reactions[3, 4] were reacted 
with 9-borabicyclononane (9-BBN) to give boryl-terminated oligostyrenes. These were 
oxidized with H2O2/NaOH solution to give hydroxyl-terminated oligostyrenes. 
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B.4.1. Introduction 
Polymerization catalysts for styrene have been widely explored and methods to control the 
molecular weight have been developed.[3-5] A topic of current interest is the chain end 
functionalization of isotactic polystyrene that is obtained from catalytic polymerization,[6] 
since the polymer properties can be modified and block copolymers may be obtained via this 
route. Because polystyrene consists only of hydrocarbons, this material can hardly be 
transformed by post-polymerization reactions. 
 
Scheme 1. Synthesis of polystyrenes that may be suited for end functionalization. 
The first method that was explored in this work combines chain transfer reactions with 
chain end functionalization. Two chain transfer methodologies in respect to the synthesis of 
oligostyrenes were explored (Scheme 1). Due to β-hydride elimination, the 1-hexene 
terminated polymers carry a terminal vinyl function that can be functionalized. The carbon-
zinc bond is very reactive and can be reacted with various reagents. The functionalized 
polymers were tested as suitable starting materials for block copolymers.  
Chain transfer reactions with diethylzinc as chain transfer agent lead to an organozinc-
capped polymer. The reactive chain end can be functionalized by bromination and iodination. 
Only few reports describe chain transfer reactions with diethylzinc as transfer agent and are 
mainly related with ethylene[7-12] and propylene[13]. Chain transfer reactions with zinc alkyls 
involving styrene have not received much attention, although as early as 1966 Deshpande et 
al. have studied the effect of diethylzinc in the catalytic polymerization of styrene.[14, 15] They 
observed that the number average molecular weight Mn of styrene decreased with the amount 
of diethylzinc. The molecular weight and thereby the polymer properties could effectively be 
controlled. It was recognized that the received polymer is end-capped with an organozinc 
residue. Since these early results by Deshpande et al., this system has rarely attracted 
interest.[16] 
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B.4.2. Results and Discussion 
B.4.2.1. Synthesis of Bromo- and Iodo-Terminated Oligostyrenes 
In the present work, the isospecific polymerization of styrene was combined with a chain 
transfer reaction.[4] Oligostyrenes with variable number average molecular weights and an 
organozinc-capped polymer chain were obtained. The zinc-capped polystyrenes were further 
reacted to give halogen-terminated oligomers, in analogy to results for post-polymerization of 
polypropylene by Soga et al.[17-20] The proposed mechanism for the chain transfer reaction 
with diethylzinc is shown in Scheme 2.[7] The dichloro titanium catalyst with an (OSSO)-type 
ligand is first activated by methylaluminoxane (MAO) leading to a cationic monomethyl 
species with two free coordination sites. After styrene coordination and insertion into the 
titanium methyl bond through a four-centered transition state, a new coordination sphere is 
generated. The polymer chain grows through successive styrene coordination and insertion. In 
a further step the polymerchain on the titanium center is exchanged against an ethyl group 
from diethylzinc. After the polymer chain has migrated to the zinc center, it does not grow 
further. The ethyl group that has moved to the titanium center starts a new polymer chain. 
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Scheme 2. Proposed mechanism for the chain transfer reaction between diethylzinc 
and the titanium catalyst 1 with an (OSSO)-type ligand.[21] 
This mechanism should lead to zinc-capped oligomers that can be further functionalized. 
These oligomers are highly sensitive towards air and elevated temperature. Especially the 
remaining methylaluminoxane that could not be separated from the reaction mixture made it 
difficult to isolate and purify the product.  
 
Scheme 3. Iodination of zinc-capped oligostyrene. 
The experimental procedure for the iodination of the oligostyrenes was based on the 
reaction pathway that was suggested by Soga et al. (Scheme 3).[18, 22] After the zinc-capped 
polymer was formed, the solution was cooled to room temperature and 2.1 equivalents of 1-
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methylimidazole were added. This complexing reagent coordinates to the zinc in order to 
enhance the reactivity of the bond between zinc and the growing polymer chain.[23] The 
addition of two equivalents of iodine gave a red reaction mixture. The solution was stirred for 
24 h at room temperature and then poured into acidified methanol to precipitate the polymer 
as a white solid. 
 
Figure 1. 1H NMR spectrum of the iodo-terminated oligostyrene in CDCl3 at 25 °C. 
The 1H NMR spectrum of the iodo-terminated oligomer (Figure 1) shows two doublets of 
doublets centered at δ = 4.52 and 4.64 ppm in a 1:1 ratio. They are attributed to the 
diastereotopic methine protons of the iodinated end group. Integration of this signal compared 
to that of the methyl end group at the opposite chain end (δ = 0.73 ppm) gives the degree of 
iodination. This was low and did not exceed ca. 20% (Figure 1). 
A higher reaction temperature (40 °C) has enhanced the reactivity, but did not give a higher 
conversion. In this case additionally, chain degradation seems to occur since the number 
average molecular weights halved (Table 1).  
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Table 1. Iodination of zinc-capped oligostyrene. 
Run 
1-Mim. 
(eq.) 
I2 
(eq.) 
T  
(°C) 
Conv.  
(%) 
Mn  
(g/mol) 
Mw/Mn 
1 2.1. 2 40 0 940 2.25 
2 2.1 2 40 0 890 3.20 
3 2.1 2 25 19 2010 1.88 
4 2.1 2 25 22 1640 2.29 
 
Due to these results, no further investigations concerning the iodination were performed. 
The organozinc-capped oligostyrenes were brominated by two different methods. Pure 
bromine was used in analogy to the iodination, but the reaction was also conducted with N-
bromosuccinimide (NBS). Recently, Grassi et al. have published the bromine end 
functionalization of syndiotactic polystyrene.[6] They terminated the styrene polymerization 
that was obtained from titanium catalysis by adding NBS or bromine to the reaction solution. 
 
Scheme 4. Bromination of zinc-capped oligostyrene. 
The experimental procedure for the reaction with bromine is analogous to that of the 
iodination (Scheme 4). The organozinc-capped oligostyrene is cooled to room temperature, 
2.1 equivalents of 1-methylimidazole are added and finally the appropriate amount of bromine 
is added. The reaction is kept stirring for 24 h, quenched with isopropanol and the polymer is 
precipitated into acidified methanol. The polymer is dried at 60 °C in vacuo for further 6 h 
before it was analyzed. The bromination at 40 °C does not seem to give different results than 
the reaction at room temperature (Table 2). In this work, all further reactions with this system 
were carried out at room temperature. Soga et al. observed an that the degree of halogenation 
increases when carbon tetrahalogenide is present in the reaction mixture.[22] For oligostyrenes, 
CBr4 does not increase the yield of bromination (Table 2, run 2). A larger amount of bromine 
does not give a higher degree of bromination. The molecular weights of the resulting 
oligomers are in the expected range and do not give any hint towards chain degradation 
reactions as observed in the iodination reaction. 
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Table 2. Bromination of zinc-capped oligostyrene with bromine as halogenation agent. 
Run 
1-Mim 
(eq.) 
Br2 
(eq.) 
CBr4 
(eq.) 
T 
(°C) 
Conv.  
(%) 
Mn  
(g/mol) 
Mw/Mn 
1 2.1 / 2 25 0 1810 1.75 
2 2.1 3 2 40 47 2670 1.64 
3 2.1 3 / 25 79 1910 1.37 
4 2.1 3 / 25 48 2430 1.95 
5 2.1 6 / 25 49 2340 1.98 
 
 
Figure 2. 1H NMR spectrum of brominated oligostyrene in CDCl3 at 25 °C. 
As for iodination, in the 1H NMR spectrum of the bromo-terminated oligomer (Figure 2), 
two doublets of doublets appear at δ = 4.41 and 4.47 ppm in a 1:1 ratio. These are attributed 
to the diastereotopic methine protons of the brominated end group. The same signal pattern 
was identified by Grassi et al. concerning their brominated syndiotactic polystyrene.[6] 
Through integration of this signal in comparison to the integral of the methyl end group at the 
opposite chain end (0.72 ppm), the degree of bromination can be determined. Since the degree 
of functionalization did not exceed 50%, an alternative bromination reagent was tested.  
Unfortunately, bromination with AIBN gave similar results as obtained with Br2. An 
average bromination degree of ca. 50% could not be exceeded (Table 3). 
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Table 3. Bromination of zinc-capped oligostyrenes with NBS/AIBN. 
Runa 
NBS 
(eq.) 
AIBN 
(eq.) 
T 
(°C) 
Conv.  
(%) 
Mn  
(g/mol) 
Mw/Mn 
1 2 0.03 60 0 2230 2.03 
2b 2 0.01 40 1 2390 2.17 
3 2 0.01 40 22 2140 1.80 
4 2 0.03 40 33 2920 1.80 
5 2 0.03 40 52 1830 1.63 
6 4 0.06 40 62 2330 2.09 
7 4 0.06 40 48 1680 1.83 
8 6 0.09 40 51 2460 1.89 
9 6 0.09 40 85 n.d. n.d. 
10 8 0.12 40 46 2260 1.92 
a Reaction time: 24 h, b additional 2.1 equivalent of 1-methylimidazole. 
An increased reaction temperature from 40 to 60 °C as well as the addition of 1-
methylimidazole was unfavorable for the bromination with AIBN. A higher [Br]/[Zn] ratio 
did not rise the degree of bromination above ca. 50%.  
In addition to NMR spectroscopic characterization, the brominated oligomer was analyzed 
by 2D NMR techniques. Figure 3 shows the correlation 1H/13C HSQC NMR spectrum 
(heteronuclear single quantum correlation). The resonances that give rise to the doublet of 
doublet signals at δ = 4.40 and 4.47 ppm in the 1H NMR spectrum correspond to the methine 
protons of the brominated end group that give two signals with equal intensity at δ = 51.27 
and 53.19 ppm, which then could be correlated to the carbon atom of the brominated end 
group. 
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Figure 3. 1H/13C HSQC NMR spectrum of brominated oligostyrene in CDCl3 at 25 °C. 
 
B.4.2.2. Synthesis of Block Copolymers 
The polymerization of styrene by atom transfer radical polymerization (ATRP) has been 
widely studied.[24-26] This controlled radical polymerization involves a low concentration of 
active propagating species and a large amount of dormant chains, which are unable to 
propagate or to self-terminate.[26-30] It may enable a highly controlled polymerization of polar 
monomers, which is often impossible with group IV metal-based catalysts. 
Bromo-terminated oligostyrenes can act as macroinitiator in ATRP reactions. Sumerlin et 
al. employed bromo end-functionalized polystyrene as macroinitiator for the synthesis of 
block copolymers with n-butyl acrylate.[31] This reaction is applied to the bromo- 
functionalized isotactic oligostyrenes (Scheme 5).  
Since it was not possible to separate the brominated oligomer from the non functionalized 
starting material, it was employed as obtained for the ATRP reaction.  
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Scheme 5. ATRP reaction with a bromo-terminated oligostyrene: formation of a 
block copolymer. 
In a Schlenk tube the brominated oligomer was reacted with half an equivalent of copper(I) 
bromide and one equivalent of elemental copper. The desired amount of tert-butylacrylate 
was added and the reaction mixture was heated to 90 °C. After temperature equilibration, half 
an equivalent of pentamethyldiethylentriamine (PMDETA) was added. The addition of 
PMDETA was accompanied with a color change of the reaction solution from orange to 
green. After 1 h, the solution was cooled to 0 °C and quenched with acetone. The reaction 
mixture was filtered through silica gel and directly precipitated into a water/methanol mixture 
(1:2) give a white solid.  
GPC analysis of the polymer shows a bimodal distribution. This is due to non-brominated 
polystyrene in the starting material. Saponification with trifluoroacetic acid in 
dichloromethane yields poly(acrylic acid)-block-oligostyrene. This was separated from the 
unmodified polystyrene through extraction with acetone and a block copolymer with a 
monomodal distribution was isolated (Figure 4). 
Table 4. Synthesis of iPS-block-PAA copolymer. 
Run 
Mn (g/mol) 
(macroinitiator) 
Mw/Mn 
(macroinitiator) 
Mn (g/mol) 
(iPS-block-PAA) 
Mw/Mn 
(iPS-block-PAA) 
XPS / XPAA 
1 2100 1.83 2400 1.76 20 / 4 
2 2100 1.83 2730 1.67 20 / 9 
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Figure 4.  GPC curve of the iPS macroinitiator and the final iPS-block-PAA copolymer. 
The copolymer was analyzed by 1H and 13C NMR spectroscopy (Figure 5, Figure 6). Both 
the macroinitiator and the tert-butyl acrylate block copolymer are highly soluble in common 
organic solvents such as dichloromethane, THF and toluene. The 1H NMR spectra of Br-iPS 
and iPS-block-PBA were recorded in deuterated chloroform. The saponified polymer was not 
soluble in the above mentioned chlorinated solvents and the NMR measurements were 
performed in THF-d8.  
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Figure 5. 1H NMR spectra (25 °C) of Br-iPS (A), iPS-block-PBA (B) and iPS-block-
PAA (C). A and B were measured in CDCl3, whereas C was measured due to insolubility 
in THF-d8. 
Figure 5 shows the 1H NMR spectra of the macroinitiator Br-iPS, iPS-block-PBA and the 
saponified iPS-block-PAA copolymer. After reaction of the bromo-terminated oligomer with 
tert-butyl acrylate, a signal for the tert-butyl group appears as a sharp singlet at δ = 1.48 ppm. 
After saponification, this signal disappears nearly completely. 
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Figure 6. 13C NMR spectra (25 °C) of macroinitiator Br-iPS, iPS-block-PBA and iPS-
block-PAA in CDCl3 and THF-d8. 
The signals for the terminal brominated methine group at δ = 4.41 ppm disappear. Since 
these 1H NMR spectra are quite broad with overlapping signals, 13C NMR spectra with their 
distinct signals are a more useful in terms of polymer characterization. The bottom spectrum 
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in Figure 6 corresponds to the macroinitiator. For the brominated diastereotopic carbon atom, 
a pair of signals is found at δ = 52.25 and 54.17 ppm. Apart from the typical resonances for 
the carbon atoms within the backbone of isotactic polystyrene at δ = 40.52 ppm and 42.88 
ppm, signals for the aromatic rings at δ = 125.73, 127.37, 128.12, and 146.28 ppm as well as 
resonances for the terminal propyl group at δ = 14.01, 20.23, and 37.86 ppm are assigned. The 
iPS-block-PAA copolymer shows additional signals at δ = 28.07, 80.31, and 174.16 ppm 
corresponding to the tert-butyl groups as well as the carboxy carbon atom. Due to the radical 
polymerization mechanism, the tert-butyl acrylate block does not possess any 
stereoinformation. This atacticity leads to very broad backbone signals between δ = 35-42 
ppm. After saponification, the signals from the tert-butyl group disappear and the signal for 
the carboxy carbon atom is slightly shifted to δ = 175.80 ppm. 
In conclusion, the synthesis of block copolymers from brominated oligostyrenes as 
macroinitiators is possible. 
 
B.4.2.3. Synthesis of Hydroxyl Terminated Oligostyrenes 
The synthesis of hydroxyl-terminated oligostyrenes has been attempted by different 
methods. The first experiments to hydroxylate oligostyrenes used zinc-capped oligomers. In 
1972 Inoue et al. reported the reaction of diethylzinc with carbon dioxide in the presence of 1-
methyimidazol to give propionic acid after aqueous workup.[23] The reaction of zinc alkyl 
with carbon dioxide was known to be very slow and the addition of a complexing agent 
enhanced the reactivity enormously. Soga et al. used this effect in the reaction of zinc-capped 
polypropylene with carbon dioxide and received terminal carboxylated polymers.[18] 
Polyethylene with a terminal hydroxyl functionality can be prepared in a two step reaction. In 
the first reaction step, polyethylene that was produced by anionic polymerization of 1,3-
butadiene, is terminated by adding ethylene oxide and acidified methanol. The second step 
comprises the hydrogenation of the polymer to the hydroxylated polyethylene.[21, 32, 33] In 
2007, Mülhaupt et al. reported the one pot synthesis of hydroxyl-terminated polyethylenes by 
direct reaction of zinc-capped polyethylenes with oxygen.[34] At elevated temperatures, 
synthetic air was led through the suspension for 5 h to give the corresponding hydroxylated 
product with a high degree of functionalization.  
The application of the experimental procedure by Mülhaupt et al. on the hydroxylation of 
zinc-capped oligostyrenes was not successful. Only the protonated oligomer could be isolated. 
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Also more severe reaction conditions using an oxygen pressure of 2 bar, elevated 
temperatures (60 °C), followed by quenching the reaction mixture after 24 h with isopropanol 
did not give the desired product but the protonated oligomer. Experiments that aimed at the 
transformation of zinc-capped oligomers with hydrogen peroxide did not give the 
hydroxylated product.  
The preparation of hydroxylated oligostyrenes was attempted by a further method using an 
oligomer that was obtained with 1-hexene as chain transfer agent and that contains an oligo(1-
hexene) tail which is terminated with an unsaturated group, due to β-hydride elimination in its 
formation.[3, 4] This reactive site should be useful for post-polymerization reactions. 
A common reagent to convert a double bond into a hydroxyl group is BH3.[35] To 
preferentially obtain a terminal alcohol, the use a bulky borane such as 9-borabicyclononane 
(9-BBN) was necessary (Scheme 6).  
 
Scheme 6. Hydroboration of 1-hexene-terminated oligostyrenes with 9-BBN. 
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Table 5. Hydroxylation of 1-hexene-terminated oligostyrenes. 
 Mn (g/mol) Mw/Mn [α]D23 Yield (%) 
Starting Material 6010 1.62 −1.54° - 
Hydroborated Oligomer - - - 100 
Hydroxylated Oligomer 6090 1.38 −2.35° 54 
 
The 1H NMR spectrum of the hydroxylated oligostyrene (Figure 8) shows two sets of 
signals for the α-hydrogen atom. This is explained by the formation of the Markovnikov and 
the anti-Markovnikov product during the hydroboration reaction. The sets of signals 
correspond to a quintet for HA and a doublet of triplets for HB. The borylated oligostyrene as 
intermediate could be isolated and characterized by 11B NMR spectroscopy. The signal of the 
product appears at δ = 55.66 ppm, while free 9-BBN shows a resonance at δ = 28 ppm. 
 
 
Figure 7.  1H NMR spectrum of the 1-hexene-terminated oligostyrene (Mn = 6010 g/mol) 
as starting material for the hydroxylation in CDCl3 at 25 °C. 
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Figure 8. 1H NMR spectrum of the hydroxylated oligostyrene (Mn = 6090 g/mol) in 
CDCl3 at 25 °C. 
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B.4.3. Concluding Remarks 
Zinc-capped oligostyrenes were reacted with bromine and iodine to give halogen-terminated 
oligomers. Due to the high reactivity of the zinc carbon bond, side reactions such as 
hydrolysis were observed. A bromination degree of not more than ca. 50% and an iodination 
degree of maximum ca. 20% were obtained. The bromine-terminated oligomers were 
employed as a macroinitiator to polymerize tert-butylacrylate by atom transfer radical 
polymerization (ATRP).[1, 2] iPS-block-PAA copolymers were obtained. 
Oligo(1-hexene)-terminated oligostyrenes from chain transfer reactions were treated with 9-
borabicyclononane (9-BBN) to give boryl-terminated oligostyrenes. These were oxidized with 
H2O2/NaOH to give hydroxyl-terminated oligostyrenes. 
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B.4.4. Experimental Section 
Synthesis of zinc-capped oligostyrenes. A Schlenk tube was charged with toluene 
(calculated for a total volume of 15 mL) and 0.5 g of styrene (4.8 mmol). 0.6 mL of a MAO 
solution (10 wt-% in toluene) and 6 mL of a diethylzinc solution (20 wt-% in toluene) were 
added. After 20 min. at 40 °C, the reaction was activated by adding 0.5 mL of a catalyst 
solution (18 mg in 10 mL toluene, 1.33 μmol). The resulting reaction mixture was kept 
stirring at 40 °C for the appropriate time. The zinc-capped oligostyrene was employed in 
further reactions without purification. 
 
Iodination of zinc-capped oligostyrenes. To a solution of the zinc-capped oligostyrene 1.1 
mL 1-methylimidazole were slowly added at room temperature. An iodine solution (5.08 g in 
50 mL toluene) was added until the solution did not decolorize any longer and remained red. 
After stirring for 24 h at room temperature, the reaction was quenched by adding 0.5 mL 
isopropanol and the polymer was precipitated in acidified methanol. 
 
Bromination of zinc-capped oligostyrenes with AIBN. To a solution of the zinc-capped 
oligostyrene, the appropriate amounts of azobisisobutyronitrile (AIBN) and N-
bromosuccinimide (NBS) were slowly added at room temperature. After stirring for 24 h at 40 
°C, the yellow colored suspension was quenched by adding 0.5 mL isopropanol. The 
suspension was poured into acidified methanol and the obtained oligomer was dried at 50 °C 
in vacuo over night. 
 
Bromination of zinc-capped oligostyrenes with Br2. To a solution of the zinc-capped 
oligostyrene 1.1 mL 1-methylimidazole were slowly added at room temperature. The 
appropriate amount of bromine was added. After stirring for 24 h at room temperature, the 
orange coloured suspension was quenched by adding 0.5 mL of isopropanol. After standing 
for a few minutes, the supernatant yellow solution was poured into acidified methanol. The 
residue was washed twice with dichloromethane and was poured into acidified methanol. The 
obtained oligomer was dried at 50 °C in vacuo over night. 
 
Synthesis of iPS-block-PBA. A Schlenk tube was charged with 100 mg of the brominated 
oligomer (ca. 50% bromination degree; 0.026 mmol, 2289 g/mol), 1.9 mg CuBr (0.013 mmol, 
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0.5 eq.), and 1.7 mg Cu(0) (0.026 mmol, 1 eq). After three cycles of evacuation and flushing 
with argon, a toluene solution of tert-butylacrylate (0.08 ml, 0.52 mmol, 20 eq.) was added 
and the reaction mixture was heated to 90 °C. Through a septum, 0.1 ml of 
pentamethyldiethylentriamine (PMDETA, 0.013 mmol, 0.5 eq) were added dropwise. This 
addition of PMDETA led to a color change of the solution from orange to green. After one 
hour, the Schlenk tube was cooled with an ice bath and acetone was added. The reaction 
mixture was filtered through silica gel and directly precipitated into a water/methanol mixture 
(1:2). The colorless precipitate was dried at 50 °C in vacuo overnight. 
 
Synthesis of iPS-block-PAA. iPS-block-PBA was solved in 10 mL of dichloromethane and 
0.55 mL of trifluoroacetic acid (7.2 mmol, 20 eq.) were added. The solution was stirred for 24 
h at room temperature. The solvent was removed in vacuo and the residue was washed with 
pentane and water. The polymer was dried in vacuo at 50 °C overnight. The block copolymer 
is soluble in THF, but insoluble in dichloromethane, chloroform, and acetone.  
 
Hydroxylation of oligo(1-hexene)-terminated oligostyrenes. In a Schlenk tube, 100 mg of 
oligo(1-hexene)-terminated oligostyrene (6000 g/mol, ~ 16 μmol double bond) were solved in 
3 mL of THF. After heating to 40 °C, 0.15 mL of a 9-BBN solution (0.5 M in THF, 64µmol, 
4 eq.) were added. The reaction solution was stirred for 24 h at 40 °C and was then cooled to 
room temperature. 0.5 mL of a NaOH solution (1.5 mol/L, 40 eq, EtOH/H2O=3/2) were 
added, followed by the addition of 0.1 mL of H2O2 (30 wt% in water). After heating to 50 °C, 
the solution was stirred for further 24 h. The polymer was precipitated by pouring the reaction 
solution into MeOH and dried in vacuo at 50 °C overnight. 
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B.5. The Soai Reaction: Asymmetric Autocatalysis†
Abstract: 
 
Homochiral oligostyrenes that are obtained with a chiral titanium catalyst[1] induce the 
enantioselective addition of ZniPr2 to pyrimidine-5-carbaldehyde in an autocatalytical 
manner. The resulting pyrimidyl alkanol shows an absolute configuration that corresponds to 
the cryptochiral polystyrenes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
†Published parts of this chapter: T. Kawasaki, C. Hohberger, Y. Araki, K. Hatase, K. Beckerle, J. Okuda, K. 
Soai, Chem. Comm., 2009, 37, 5621-5623. 
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B.5.1. Introduction 
Chirality plays a significant role in chemical, biological, pharmaceutical, and material 
science.[2] Optically inactive but chiral molecules exhibit cryptochirality.[3-6] 
 
 
Figure 1. Cryptochirality in isotactic polystyrene 1. 
 
The study of chirality has been developed as an innovative technique to distinguish between 
a pair of enantiomers.[7-12] The recent development of single-site catalysts for the synthesis of 
stereoregular and enantiomerically pure poly(α-olefins) now allows to correlate the 
chiroptical properties of isotactic poly(α-olefins) to their chain length.[13] 
Previously, Okuda et al. have reported on the synthesis of enantioenriched isotactic 
polystyrene 1.[1, 14] It was prepared using a chiral titanium catalyst based on the (OSSO)-type 
phenol 2[1, 15] and 1-hexene as a chain transfer agent. The specific rotation value depends on 
the number average molecular weight of the isotactic polystyrenes. Although low molecular 
weight polystyrenes can be optically active, no optical activity was detected for high-
molecular-weight polymers (Mn > 6000); i.e., high-molecular-weight polystyrenes 1 are 
cryptochiral (Figure 1). 
No contemporary method allows to determine the cryptochirality of high molecular weight 
isotactic polystyrenes. The fact that polystyrene does not contain heteroatoms challenges the 
development of new methods to determine the enantiomeric forms of isotactic polystyrene. 
 
Ph Ph Ph Ph Ph Ph Ph Ph Ph
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Scheme 1. General mechanism of the asymmetric amplification of enantiomeric 
excess according to Soai et al.. 
Soai et al. have developed a highly sensitive method to detect molecular chirality by using 
asymmetric autocatalysis[16-33] and thereby amplify the enantiomeric excess (ee).[34] In the 
presence of a chiral compound, the enantioselective addition of diisopropylzinc (ZniPr2) to 
pyrimidine-5-carbaldehyde 3 affords highly enantioenriched (S)- or (R)-pyrimidyl alkanol 4 
whose absolute configuration is efficiently controlled by the absolute configuration of an 
added chiral compound (Scheme 1).[35-40] Many types of chiral compounds have been used as 
chiral inducers in asymmetric autocatalysis, including cryptochiral small hydrocarbon 
molecules,[41] but to date there has been no report on the use of cryptochiral polymers that 
consist exclusively of hydrocarbons.  
In the first step of the proposed mechanism, the chiral auxiliary catalyzes the formation of a 
slight enantiomeric excess of the pyrimidyl zinc alkoxide that was formed by adding 
diisopropylzinc to the aldehyde. This excess then catalyzes its enrichment in the course of an 
asymmetric autocatalysis pathway (Scheme 1).[42-51] The entire process leads to a highly 
enantioenriched product alcohol starting from a simple aldehyde. It should be noted that this 
reaction can not be applied to all kinds of aldehydes. A pyrimidyl-aldedyde that should carry 
an alkyne group in para-position seems to be necessary. 
In 2008 Ercolani et al. proposed a mechanism for the first step in the Soai reaction (Figure 
2).[52] It is based on the assumption that all reaction steps are reversible, apart from the 
transfer of an isopropyl group from ZniPr2 to the aldehyde. Since the reaction leads to a high 
degree of enantioselectivity, a highly ordered complex is assumed as the active species.  
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Figure 2. Proposed mechanism of the asymmetric catalysis by Ercolani et al.[52] 
The zinc alkoxides A form a dimeric species that can adopt two different structures. After 
an additional coordination of two diisopropylzinc molecules, complex B is obtained which 
already exhibits a higher geometric order. Now an incoming aldehyde can only coordinate in 
one specific fashion as shown in structure C. The formation of structure B seems to be most 
relevant in terms of the given stereoinformation later, since it determines the geometry for the 
isopropyl transfer. The proposed structures D and E show how the isopropyl groups are 
succeedingly transferred to the aldehyde. The cycle closed by forming two dimeric zinc 
alkoxides A. 
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B.5.2. Results and Discussion 
B.5.2.1. (OSSO)-Type Phenols as Chiral Auxiliary 
Optically active, homochiral styrene oligomers were prepared using the resolved titanium 
catalyst based on bis(phenol) 2 in combination with 1-hexene as a chain transfer agent.[1] The 
number average molecular weight was controlled to give optically active oligostyrenes with 
specific rotation values [α]D23 of ±1.5-5.9° and molar rotation values [Ф]D25 of ±35-94°. Since 
small amounts of impurities are sufficient to catalyze the Soai reaction, the effect of the chiral 
phenols 2 must be evaluated. 
 
Figure 3. Asymmetric autocatalysis in the presence of chiral (OSSO)-type bis(phenols) 1 
and 2. 
To exclude possible contamination of the oligomers 6a and 6b by catalyst residues, the 
bis(phenol)s were tested in their behavior towards asymmetric autocatalysis (Figure 3). Table 
1 shows the results obtained by employing both enantiomers of the bis(phenol)s 1 and the 
metal complex 2. The absolute configuration of the resulting pyrimidyl alkanol 4 is 
determined by the configuration of the bis(phenol). 1a with (S)-configuration leads to the (R)-
configured pyrimidyl alkanol 4, while 1b leads to the (S)-configured alkanol. In contrast, 2a 
leads to the (S)-configured alkanol. The experiments are highly reproducible.  
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Table 1. Enantioselective addition of diisopropylzinc to aldehyde 3 in the presence of 
chiral (OSSO)-type bis(phenol) 1 and 2. a 3 rounds of asymmetric autocatalysis. 
Run  Bis(phenol)  5-Pyrimidyl alkanol 
   Config.  Yield (%) ee (%) Config. 
1  1a (S,S)  81 91 R 
2  1b (R,R)  83 96 S 
3  1a (S,S)  85 92 R 
4  1b (R,R)  82 93 S 
5  1a (S,S)  90 90 R 
6  1b (R,R)  87 95 S 
7  2a (S,S)  80 99 S 
8  2b (R,R)  95 98 R 
9a  2a (S,S)  94 92 S 
10a  2b (R,R)  90 91 R 
11a  2a (S,S)  93 85 S 
12a  2b (R,R)  87 81 R 
 
B.5.2.2. Oligo-and Polystyrenes as Chiral Auxiliary 
The configurationally stable, enantiomerically pure catalysts 5a and 5b (Scheme 2) lead to 
chiral polystyrenes. Without an additional chain transfer agent (CTA) these are cryptochiral 
and therefore not optically active. Isotactic oligostyrenes that show measurable optical 
activity can be synthesized with 1-hexene as CTA. This methodology allows to design 
oligomers with the desired molecular weight, value and sign of optical rotation (Scheme 2).  
 
Scheme 2. Synthesis of chiral oligostyrenes 6a and 6b with Mn ~6000 g/mol. 
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The oligomer 6a, produced by the (R)-configured catalyst and which has a negative sign of 
optical rotation leads to (R)-configuration of the formed pyrimidyl alkanol. On the other hand, 
the oligomer 6b gave (S)-alkanol 4 with 92% ee in a yield of 73% (Table 2, entry 11). The 
absolute configuration of chiral oligomer 6 determines the absolute configuration of the 
resulting pyrimidyl alkanol 4. 
Table 2. Enantioselective addition of diisopropylzinc to aldehyde 3 in the presence of 
chiral oligostyrenes. Results were obtained in collaboration with Soai’s group. a 3 rounds of 
asymmetric autocatalysis; b 4 rounds of asymmetric autocatalysis; c Mn = 6006 g/mol, [α]D23 = 
−1.54°; d Mn = 6108 g/mol, [α]D23 = +1.49°. 
Run  Chiral oligomer  5-Pyrimidyl alkanol 
    Yield (%) ee (%) Config. 
1a,c  6a  89 5 R 
2a,c  6a  88 4 R 
3a,c  6a  89 2 R 
4b,c  6a  93 63 R 
5b,c  6a  76 98 R 
7a,d  6b  86 2 S 
8a,d  6b  82 2 S 
9a,d  6b  89 3 S 
10b,d  6b  93 78 S 
11b,d  6b  73 92 S 
 
Autocatalysis experiments with isotactic homochiral polystyrenes with Mn > 10.000 show 
only erratic results (Table 3). 
 
In this enantioselective reaction, cryptochirality caused by a small relative difference 
between the end groups of the enantiomeric polystyrene chains may control the si- or re-
enantiofacial selection of ZniPr2 addition to pyrimidine-5-carbaldehyde 3 to afford the 
isopropylzinc alkoxide of pyrimidyl alkanol 4 (autocatalyst) with a minute enantiomeric 
imbalance. Once the asymmetric autocatalyst with a small enantiomeric enrichment is 
generated, the enantiomeric purity of pyrimidyl alkanol 4 increases during the addition of 
ZniPr2 to aldehyde 3 thanks to the asymmetric autocatalysis. Thus, chiral alkanol 4 with an 
absolute configuration corresponding to that of chiral polymer 1 is formed in highly 
enantioenriched form. It is therefore possible to distinguish between the enantiomeric form of 
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cryptochiral polystyrene 1 by determining the absolute configuration of the resulting alkanol 
4. 
On the other hand, when polystyrenes with higher molecular weights (Mn > 10,000 g/mol) 
were used in the asymmetric autocatalysis, no reproducible results were obtained (thus far). 
This may be ascribed to further minute cryptochirality of 1, the occurrence of stereoerrors 
and/or low solubility in toluene. 
Table 3. Enantioselective addition of diisopropylzinc to aldehyde 3 in the presence of 
chiral oligostyrenes with number average molecular weight > 10.000 g/mol. 1 Mn = 9867 
g/mol, [α]D23 = −0.74°; 2 Mn = 10,585 g/mol, [α]D23 = + 0.68°; 3 Mn = 626,730 g/mol, [α]D23 = 
0; 4 Mn = 690,860, [α]D23 = 0. 
Run 5-Pyrimidyl alkanol 
 Yield (%) ee (%) Config. 
11 60 83 R 
21 61 98 S 
31 62 97 S 
42 83 97 S 
52 70 98 S 
62 61 98 S 
73 83 98 S 
83 74 98 S 
93 71 98 S 
104 80 96 S 
114 85 97 S 
 
Two explanations for this effect can be given. First of all, small organic compounds can 
usually be purified more easily and may be obtained in higher purity than polymers. 
The second explanation is based on the stereoerrors within the polymer chain. These can be 
observed in the 13C NMR spectrum with an intensity of less than 1%. Those stereoerrors in 
the 1-hexene-terminated oligomers may account for the irreproducibility of the Soai Reaction. 
Due to this diethylzinc-terminated oligomers were tested as chiral auxiliaries. These show 
fewer stereoerrors in the 13C NMR spectrum, probably due to an interaction of the diethylzinc 
with the titanium center of the catalyst.  
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Scheme 3. Formation of oligostyrenes with diethylzinc. Mn = 4240, [α]D23 = 
+2.55°. 
 
Table 4. Enantioselective addition of diisopropylzinc to aldehyde 3 in the presence of 
diethylzinc-terminated oligostyrenes. 
Run Config. Yield (%) ee(%) Config. 
1 (−)-(1R,2R) 74 n.d. S 
2 (−)-(1R,2R) 80 n.d. R 
3 (−)-(1R,2R) 75 n.d. R 
4 (−)-(1R,2R) 74 n.d. S 
5 (−)-(1R,2R) 87 n.d. S 
6 (−)-(1R,2R) 81 n.d. R 
 
Table 4 shows that the reaction with diethylzinc-terminated oligomers is not reproducible. 
 
 
 
 
 
 
 
 
 
 
 
 
The Soai Reaction: Asymmetric Autocatalysis 
132 
 
B.5.3. Concluding Remarks 
In summary, it has been demonstrated that asymmetric autocatalysis is a powerful method 
for sensing cryptochirality of homochiral isotactic polystyrene. Homochiral polystyrenes 
autocatalytically induce enantioselective addition of ZniPr2 to pyrimidine-5-carbaldehyde to 
afford the pyrimidyl alkanol with the corresponding absolute configurations to that of 
cryptochiral polystyrenes.  
The enantiomeric forms of iPS cannot be distinguished by any contemporary technique, but 
they can be discriminated by their use as template for asymmetric autocatalysis where the 
chirality is amplified and becomes visible. 
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B.5.4. Experimental Section 
5-Bromo-2-hydroxy-pyrimidine.[53] 2-Hydroxypyrimidine hydrochloride (25 g, 188 mmol) 
was dissolved in 100 mL of water at room temperature. Slowly, 10.74 mL of bromine (209 
mmol, 1.1 eq.) were added and the solution was kept stirring for one additional hour. After 
evaporating the solvent in vacuo, a yellow solid was obtained that was used without further 
purification. Yield: 18.85 g (57%, 108 mmol).  
 
5-Bromo-2-chloro-pyrimidine.[53] To 18.85 g of 5-bromo-2-hydroxy-pyrimidine (108 
mmol), 250 mL of POCl3, and 10 mL of N,N-dimethylaniline were added at room 
temperature. Refluxing the solution for 4 h led to a colour change from yellow to dark red. 
After cooling to room temperature, the solution was poured into 2 L of a ice/water mixture. 
The aqueous phase was extracted three times with diethyl ether. The combined organic phases 
were dried over MgSO4 and the solvents were evaporated in vacuo. The colorless solid was 
purified by recrystallization from ethanol. Yield: 18.21 g (87%, 94 mmol). 1H NMR (400 
MHz, CDCl3): δ 8.68 ppm (s, 2H).  
 
5-Bromo-2-iodo-pyrimidine.[54] 5-Bromo-2-chloro-pyrimidine (18 g, 93 mmol) was 
dissolved in 50 mL of dichloromethane and cooled to 0 °C. 50 mL of hydroioic acid (57 wt-% 
in water) were slowly added, resulting in a yellow emulsion which was stirred at 0 °C for 18 
h. After warming to room temperature, the reaction mixture was neutralized by slow addition 
of K2CO3 and decolorized by addition of sodium bisulfite. After extraction with 
dichloromethane, the organic phases were dried over MgSO4 and the solvent was evaporated 
in vacuo. Yield: 21.16 g (80%, 74 mmol). 1H NMR (400 MHz, CDCl3): δ 8.52 ppm (s, 2H ). 
 
5-Bromo-2-(3,3-dimethyl-1-butyne)-pyrimidine. 5-Bromo-2-iodo-pyrimidine (20 g, 70 
mmol) was dissolved in 100 mL of toluene and 40 mL of diisopropylamine. After additional 
degassing with argon, 1.2 eq. of 3,3-dimethyl-1-butyne (10.26 mL, 84.2 mmol) were added. 1 
mol-% of Pd(PPh3)2Cl2 (0.49 g, 0.7 mmol) was added, resulting in a yellow solution. After 
addition of 2.2 mol-% CuI (290 mg, 1.5 mmol), the solution turned slightly brown. The 
reaction mixture was heated to 50 °C and stirring was continued for 18 h. The red solution 
was filtered over silica with diethyl ether and the solvent was evaporated in vacuo. For 
purification, the solid was sublimed in vacuo (0.8 mbar, 70 °C) resulting in a colorless solid. 
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Yield: 11.96 g (71%, 50 mmol). 1H NMR (400 MHz, CDCl3): δ 1.33 ppm (s, 9 H), 8.65 ppm 
(s, 2 H); 13C-NMR (400MHz, CDCl3) δ: 27.98 ppm (CMe3), 30.16 ppm (Me), 77.92 ppm 
(tBu-C-), 99.59 ppm (tBu-C≡C-), 118.63 ppm (N-C-N), 151.21 ppm (C-Br), 157.87 ppm 
(pyr). 
 
2-(3,3-Dimethyl-1-butyne)-pyrimidine-5-carbaldehyde. A solution of 4.7 g 5-bromo-2-
(3,3-dimethyl-1-butyne)-pyrimidine (20 mmol) in 300 mL THF was cooled to −100 °C. After 
adding 9.4 mL nBuLi (23.5 mmol, 2.5 M in hexane), the yellow solution was stirred for 30 
min at this temperature. Upon addition of 1.8 mL of ethylformate (1.1 eq., 22 mmol), the 
solution turned slightly brown. It was stirred for 45 min. The reaction mixture was treated 
with 10 mL of HCl solution (2 M solution in diethyl ether) and warmed to room temperature. 
After 2 h, 100 mL water was added and the aqueous phase was extracted with 
dichloromethane. The combined organic phases were dried over MgSO4 and the solvent was 
evaporated in vacuo. Purification was first conducted by column chromatography 
(pentane/acetone = 4/1) followed by crystallization from pentane and finally by sublimation in 
vacuo (65 °C, 0.05 mbar). Yield: 1.61 g (43%, 8.5 mmol). 1H NMR (400 MHz, CDCl3): δ 
1.39 (s, 9 H), 9.11 (s, 2 H, pyr), 10.12 (s, 1 H, CHO); 13C NMR (400MHz, CDCl3): δ 28.18 
(CMe3), 30.22 (Me), 79.03 (tBu-C-), 103.08 (tBu-C≡C-), 126.28 (N-C-N), 156.41 (C-CHO), 
157.87 (pyr), 188.25 ppm (CHO). 
 
General procedure for asymmetric autocatalysis.[41] The chiral auxiliary (in the case of 
bisphenols: 2 mg; in the case of oligomers or polymers: 15 mg) is dissolved in 1 mL of 
toluene. 0.25 mL of the aldehyde solution (0.1 M, 1.03 g in 55 mL of toluene (solution for 
four reactions)) are added and the solution is cooled to 0 °C. After addition of 50 μL of a 
solution of ZniPr2 (1.0 M, 1.66 g in 11 mL of pentane (solution for four reactions)) the yellow 
reaction mixture is kept stirring for the appropriate time at 0 °C (4 h in the case of bisphenols, 
12 h in the case of oligomers or polymers). 2.4 mL of toluene and 200 μL of the ZniPr2 
solution are added and after 5 min, 1 mL of the aldehyde solution are added. The solution is 
kept stirring for one hour and then 7.2 mL of toluene and 0.8 mL of the ZniPr2 solution are 
added. After 5 min., 4 mL of the aldehyde solution are added and the mixture is stirred for 1 
h. Finally, 10.8 mL toluene and 1.6 mL of ZniPr2 are added, followed by the addition of 8 mL 
of aldehyde solution 5 min later. After stirring for 1 h, 5 mL of 1 M HCl solution followed by 
15 mL of aqueous NaHCO3 are added. After filtration through celite and addition of water, 
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the solution is extracted with ethyl acetate. The organic phases are collected, dried over 
MgSO4 and the solvent is evaporated in vacuo. The enantiomeric excess was determined by 
chiral HPLC analysis using a chiral stationary phase (Chiralcel-OD-H). 
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C. Summary 
The main objective of this thesis was to study main chain chirality in isotactic polystyrene. 
A stereoselective titanium based catalyst was developed and compared with other group IV 
metal catalysts in terms of activity and selectivity in olefin polymerization. 
 
Chapter 2 describes the synthesis of a chiral bis(phenolate) ligand and its optically active 
group IV metal catalysts. The zirconium catalyst gave the best combination of activity and 
selectivity and even allowed a living polymerization behavior towards styrene and 1,3-
butadiene. Block copolymers that consist of isolated isotactic polystyrene and polybutadiene 
blocks are now accessible. 
 
Scheme 1. Optically active group IV metal catalysts for the isospecific polymerization of 
styrene. 
The cryptochirality of the obtained isotactic polystyrene complicates the analysis of the 
main chain chirality due to its optical inactivity. To solve this problem, several methods were 
tested. 
 
Chapter 3 deals with the preparation of styrene derivatives that carry an optically active side 
group. The synthesis of a (−)-menthoxy-silyl substituted styrene was successful. It can be 
polymerized in atactic and syndiotactic fashion.  
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Scheme 2. Synthesis of (−)-menthoxy-silyl-substituted styrene as optically active styrene 
derivative. 
Isotactic polymerization, necessary to analyze the backbone chirality, was not possible, 
probably due to a poisoning of the catalyst by the silicon-oxygen bond in the molecule. 
 
Chapter 4 describes the synthesis of isotactic oligo(p-(2,2’-diphenyl-ethyl)styrene 
(oligo(DPES)) as an optically active oligostyrene derivative. This compound can be 
polymerized in atactic, syndiotactic and isotactic fashion. The isotactic polymerization with a 
homochiral catalyst leads to a chiral polymer which is not optically active. Friedel-Crafts-
alkylation allowed to synthesize crosslinked materials with variable degree of crosslinking. 
Light microscopy of these crosslinked polymers shows that the particle size varies with the 
degree of crosslinking. An optical active polymer is obtained by a controlled reduction of the 
molecular weight during isospecific polymerization using two different chain transfer agents. 
The oligomerization in the presence of 1-hexene gives oligomers that show the same sign in 
optical activity as the homochiral catalyst. It is shown that diethylzinc is also an effective 
chain transfer agent for styrene as well as for the styrene derivative DPES.  
 
Scheme 3. Oligomerization of DPES in the presence of diethylzinc. 
The molecular weight of poly(DPES) can be controlled by an increased [Zn] / [Ti] ratio. 
Oligo(DPES)s that are made up of only 20 units can be obtained. These show opposite sign in 
optical rotation as the employed homochiral catalyst with (OSSO)-type ligand.  
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Figure 1. Dependence of the optical activity on Mn of oligo(DPES). 
The analysis of the thermal behavior by DSC measurements shows that oligostyrenes which 
are produced with diethylzinc as chain transfer agent show melting transitions even after 
several heating/cooling cycles. This is not the case for 1-hexene terminated oligomers. 
 
Chapter 5 summarizes the results that were obtained from post-polymerization reactions of 
isotactic polystyrenes. Zinc-capped oligostyrenes react with bromine or iodine to halogen-
terminated oligomers. The high reactivity of the zinc carbon bond causes side reactions. A 
degree of bromination of up to 50% can be obtained as well as a degree of iodination of up to 
20%. The bromine terminated oligomers can serve as a macroinitiator in atom transfer radical 
polymerization (ATRP) with tert-butylacrylate. This reaction leads to iPS-block-PAA 
copolymers. 
1-Hexene terminated oligostyrenes that are formed in chain transfer reactions reacted with 
9-borabycyclononane (9-BBN) to borane-terminated oligostyrenes. These can be oxidized 
with a mixture H2O2 and NaOH yielding hydroxyl-terminated oligostyrenes. 
 
Chapter 6 shows that isotactic, chiral polystyrenes can successfully be employed in 
asymmetric autocatalysis as chiral auxiliaries. Homochiral polystyrenes autocatalytically 
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induce the enantioselective addition of ZniPr2 to pyrimidine-5-carbaldehyde to give a 
pyrimidyl alkanol where the absolute configuration corresponds to that of cryptochiral 
polystyrenes.  
 
Scheme 4. Chiral oligomers as chiral auxiliaries in the reaction of diisopropylzinc with 
pyrimidine-5-carbaldehyde. 
Whereas no contemporary technique allows to distinguish the enantiomeric forms of 
isotactic polystyrene due to cryptochirality, both can now be discriminated by their reactivity. 
In asymmetric autocatalysis, their chirality is amplified and differentiated. 
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D. Appendix 
D.1. Experimental Details 
All air sensitive operations were performed under an inert atmosphere of argon using 
standard Schlenk-line or glovebox techniques. 
 
Diethyl ether, THF, and toluene were dried over sodium benzophenone ketyl. CH2Cl2 was 
dried over CaH2. All solvents were distilled prior to use. Alternatively, THF, Et2O, pentane, 
toluene, and CH2Cl2 were dried using an MBraun SPS-800 solvent purification system. 
 
NMR spectra were recorded at room temperature on a Bruker DRX 400 spectrometer (1H, 
400.1 MHz; 13C, 100.6 MHz). Chemical shifts for 1H and 13C NMR spectra are referenced 
internally using the residual solvent resonances. Elemental analyses were performed by the 
Microanalytical Laboratory of the department of organic chemistry. Molecular weights of 
oligomers and polymers were measured using gel permeation chromatography (GPC) at 30 °C 
in THF and calibrated with respect to polystyrene standards. Specific optical rotation 
measurements were performed using a Perkin Elmer 241 Digital Polarimeter or a Jasco P-
2000 Digital polarimeter (path length 10 cm, volume 1 mL, λ = 589.3 nm at 23°C). Maldi-
TOF measurements were performed at the department for pathology of the Universitätsklinik 
Aachen. 
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